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PREFACE 



The first inception of the present work originated in the 
author's lectures on the " Theories of Hardening," delivered 
at the Eoyal Mining Academy of Mining at Leoben, 1898- 
99. A conviction arose in his mind that a compilation of the 
present state of our knowledge with regard to iron would be 
the more desirable, both for students and practical metal- 
lurgists, owing to the existing lack of such a work, the 
literature on the subject being scattered throughout a variety 
of technical journals, and therefore difficult of access ; whilst 
at the same time the study of the original works is aggravated 
by their being partly based on the most recent acquirements 
of highly divergent branches of science, and partly by their 
having been written by various authors at very different times, 
thus entailing considerable trouble in collating the whole in a 
uniform manner. 

Another object of the work is to lay before the investi- 
gator in this field a succinct accoimt of the researches already 
performed, and to display to the consumer of iron and steel 
the connection between the various properties, the constitution, 
and the methods of working the materials in question. 

Now, these divergent objects necessitate a more compre- 
hensive treatment of the subject than would suffice for each 
of them separately. For example, in the case of lectures to 
constructors of machinery, the chemical constitution of the 
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materials might be treated more briefly, whereas this point 
must necessarily be more fully dilated upon for metallurgists. 

For all readers practically engaged in the subject of the 
work, it appeared to the author indispensably necessary to 
give a description of the modern theory of solution, on which 
indeed our present hyi)otheses are founded. 

The work itself falls into three portions, the first of which, 
after describing the theory of solution, deals with the micro- 
scopical and chemical constitution of iron (with its supple- 
mentary constituents) and slags. The second part will treat 
of the connection between the chemical composition, the 
working, the microscopical structure, and the other properties 
of iron and steel ; whilst the third part will deal with the 
reaction between the metal, slags, and other re-agents. 

A brief outline having been given of the ground plan of 
the work, a few words may be devoted to the title selected. 
Like every child, each book must have a name. Titles like 
" Theoretical Metallurgy of Iron," " Chemistry of Iron," etc., 
would be insufficient to denote the contents; and even 
" Siderography " (based on Osmond's Metallography) is not pre- 
cise enough. Probably the title chosen, Siderolagy, will best 
express the subject of the book, namely " The Science of Iron." 

That the work itself may prove useful to many, help to 
spread the science of iron throughout wider circles, and may 
find friends and collaborators not only among scientists but 
also among the producers and consumers of iron, is the sincere 
wish of 

THE AUTHOR. 
Don AwiTZ, A mjmt 1900. 
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INTRODUCTION 



iTHE Bcieuce now termed si Jen ilogy comjirises the Btmiy ol 
iron and ita alloys, and is a aubject only us yet in its 
infauey. 

True, the heginniugs are to be found in tlie literature and 
text-books on iron Bmelting a long way back, but it is only 
within the last few jmm that the construction of tliis science 
haa been imdertaken, and that, too, with considerable eager- 
ness. At present a large number of scientists are engaged 
in this direction, driving shafts and headings, aa it were, into 
the unexplored regions of this science, so that even now it ia 
evident that the subject will be thoroughly opened up within 
a reasonable time. 

As in the case of other sciences in their process of 
estabhshment, so also here : many experimental attempts 
have had to be abandoned because they led only to barren 
residts, sometimes even collapsing altogether when not aulE- 
ciently shored up. And just as in ancient mines the work 
waa not very productive, because hammer and chisel were the 
only tools, and their effects had to be eked out by the aid 
of tire, whereas nowadays much more ancceasful results are 
obtained by means of drilling-machines and blasting ; so ia it 
with siderology : since the introduction into this science of 
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Bueh iM)werful Bupplementaiy tools as the microscope and 
physical chemistry, the winning proceeds at a rapid rate. 

It waB, in tact, the microscopy of metals that gave the 
first inipiilse to the foundation of our science. It waa found 
that the metallic alloys in general are far from hom(^eneouB, 
but consiBt, as a rule, of elements nf various structure, and 
attention was directed to ascertaining the chemical composi- 
tion of these latter. In this way metallography (Osmond) 
arose, and that portion of this science which deals with the 
alloys of iron has I'eceived the name of siderography (Jiiptner). 

Now the names metallography and siderography are analo- 
gous in construction to peti'ography or the science of rocks, and 
refer only to the sciences dealing with the investigation and 
description of the morphological and more intimate chemical 
composition of the metals (that is to say, of iron) or rocks. 
As regards the suhstances lying in the domain of these 
acieneea, their concera with these substances is confined to 
the condition in wliich tlie latter actually come for exami- 
nation, and they disregard the circumstances imder which the 
substances have been formed, or the moditications which they 
undergo under certain conditions. 

If now these other circumatancea be taken under con- 
sideration, we arrive at a new science, standing towards the 
forgoing in about the same relation aa geology is towards 
petrography ; and this acience of iron and its alloys is conse* 
quently entitled siderology (Jiiptner). 

Consequently siderology is the acience wliich not only- 
ascertains the more intimate morphological and chemic&l 
compositions of the iron alloys (siderography), but also ex- 
amines the modifications produced in this composition by 
external influences (mechanical and thermal treatment, etc.), 
and the relation existing between this composition and the 
1 and mechanical properties of these alloys. 

This explanation, however, does not sufficiently define the 
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limitis of Biderology. This science occiipieB itself, namely, not 
merely with the modifications of composition and properties 
sustained by the iron alloya under mechanical treatment by 
rapid or protracted heating or cooling, etc., but also concerns 
itself with the alterations produced in tiie metal by reaction 
with other aubstaneea, and therefore attributable to oxidising, 
carbonising, and similar chemical processes, or to phei 
of solution. 

The similarity between petrogiuphy and siderography ou 
the one hand, and geology and siderology on the other, has 
already been mentioned ; but there is stil! another prominent 
analogy existing with regard to the means employed by both 
groups of allied sciences. The two first being descriptive 
sciences, chiefly rest upon two l>ases, morphology and chemis- 
try, and therefore mainly employ two adjuncts — the micro- 
scope anil chemical aualysis. On the other hand, the last 
two seieneea are baaed not merely on the first, but also on 
a whole series of otlier supplementary sciences. Now this 
circumstance necessitates a brief treatment of the most im- 
portant parts of these supplementary sciences at the commence- 
ment of the present work. We will therefore first deal with * 
the properties of solutions and the most essential parts of the 
theory of solution ; then will follow the morphological and 
chemical composition of tlie iron alloys and slags, as well as 
a description of their chemical and mechanical properties ; 
and then only shall we arrive at siderology in the more 
restricted sense of the term. 
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solid form occurs at a certain temperature, which also depends 
on the degree of concentration, leaving the now more dilute 
mother liquor in a liquid form, the latter subsequently 
solidifying throughout the entire mass on being cooled 
further. 

If these temperatures of the separation of ice or salt, 
and also the solidification temperature of the residual mother 
liquor be represented in graphical form, the curve plotted 
in Fig. 1 of Plate I. will be obtained. In these figures the 
curve A B represents the separation of ice, the curve B C the 
separation of solid salt ; and the line D B E the solidifica- 
tion of the residual mother liquor. 

To make the matter clearer, we will trace the behaviour 
of several common-salt solutions of various strengths, in the 
course of cooling. 

With a 10 per cent, solution the separation of pure ice, 
free from salt, occurs at — 8° C. ; the fluid residual mother 
liquor contains 23*5 per cent, of sodium chloride, and sets in 
its entirety at — 22° C. 

From a solution containing 25 per cent, of sodium 
chloride the solid salt is deposited at — 1 2° C, whilst the 
still fluid mother liquor, which also contains 2 3 '5 per cent, 
of NaCl, solidifies at — 22° C. as before. 

Finally, a solution of 23*5 per cent, of sodium chloride 
solidifies suddenly and entirely, without any previous separa- 
tion of ice or salt, also at — 22° C. 

A closer examination of these conditions, however, leads 
to further observations. 

The melting point of pure ice, or the freezing point of 
pure water, is 0° C. If tlie water contains c(jmmon salt in 
solution, the separation of ice, i.e. the freezing of the excess 
water, occurs at a temperature the further below 0° C. in pro- 
portion as the amount of salt is greater. We may therefore 
also regard the curve AB in Fig. 1 as the melting point 
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curve of water iu the presence of common sdlt, anil hence 
arrive at the coneluaion that the solidification point of the 
solvent is lowered by the presence of a dissolved substance. 
With the exception of a special class of solutions, which 
we shall have to mention later, this is a rule of general 
applic«itiun 

On the (jtliei hand, we find that the temperature at 
which the lepaiation of solid salt occurs in concentrated 
solutions increases with the saline content, and approaches 
nearer and nearer — though this is not visible in i'ig, I — 
tile melting point of the salt, which point is attained when ' 
the solution contains per cent, of the water and 100 per 
cent, of common salt. 

It is seen that concentrated and dilute solutions behave ' 
alike ; during cooling the excess of solvents separates out in 
the solid form, the temperature of separation lying, in most 
cases, the further below tlie melting point of that constituent, 
the larger the proportion of the second constituent present. 
Does not this iiehaviour natm-ally lead to the assumption 
that dilute solutions represent merely a revei'se condition 
to the case of concentrated solutions, and that, for example, 
a dilute aqueous sohition of common salt is to be regarded 
^^M a concentrated solution of water in common salt ? 
^H Certainly at first this assumption appears somewliat 
^Hemarkable ; but we shall very soon see that it is correct. 
A further conclusion, however, is that distinction Iretween 
solvents and dissolved substances must be abandoned, and 
that we can only speak iif a mutual sdUitinn nu the part 
of two or more substiinceB. 

If we again examine what goew on in the conliug of 
an aqueous solution of common salt, it is remarkable that 
in all cases, independently of the percentage composition of 
the solution, the final residual fluid mother liquor has the 
same composition, and solidifies at the same temperattire. 
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Now, as constant composition and constant, melting point 
were formerly regarded as characteristic of chemical ooi»- 
pounds, these residual mother liquors were also regarded as 
Buch, and received the name of cryohydrates (by Gouthrie), 
because aqueous eolutions were mostly in question, and 
because these compounds seemed to he formed in tb& 
cold. 

However, it was ouly in the rarest cases that these cryo- 
hydrates appeared to have a constitution in accordance witJi 
stochiometric conditions, on wliich account doubt was soon raised 
as to whether they really were actually chemical compounds, 
and, as a matter of fact, strict proof was soon aflbrdeJ that 
the cryohydrates are merely a mechanical, a (mostly fohated) 
juxtaposition of the constituents of the solution. Conse- 
quently the name also was changed by Gouthrie to " Eutectic " 
in 1884, An advisable distinction is drawn between eulectie 
solutions, in which the two constituents aie preseut in a state 
of solution, and eutectic mixtitres, wherein the constituents are 
separated by an interval of space. 

Kevertheless the phenomena occurring during the cooling 
of solutions are not in all cases so simple as with aqueous 
solutions of common salt, inasmuch as sepfiration may occur 
not merely of one constituent of the solution, but some- 
times even of a combination of the two constituents of the 
solution. 

Thus, in the case of a solution of Glauber Bait 
saturated at 33" C, a separation ot the anhydrous sait 
(Na^SO^) occurs at this temperature, whereas at a lower 
temperature the coni]">uiiil Na^HOj + 1 OH^O (.■lyetaUisea 
out. 

A solutiou of mauyaneau sidphate gives— 

At 100° 0., ciyatals of MnSOi+ SH^O ; between this and 
20° C, crystals of MnSO^ + OHjO; below 6° C, crystals of 
MnSO, + 7H,0. 
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Special interest attaches to the researches of ItooKeboom * 
on tlie hydrates of ferric chloride, which we will therefore 
proceed to describe in detail. 

Fig. 2 of Plate I. gives the precipitation curves of aqueous 
solutions of fenic chloride, in a similar manner as Fig. 1 doea 
for aqueous solutions of common salt, except that the amount 
of ferric chloride present in the solution is not exj 
centages, hut in molecules of FejCln per 100 moh of water. 
The ciu've A B corresponds to the ■separation of ice from the 
" dilute " solution ; K L corresponds to the separation of an- 
hydrous ferric chloride from the concentrated solution ; whilst 
the other curves represent the separation of hydrates contain- 
ing a larger quantity of water in proportion as the amount of ' 
the salt decreases. 

Therefore, in accordance with the degree of concentration, 
there are separated from the aqueous solution of ferric i 
chloride six different compounds, as follows, in regular order : — ■ 
Fe^CJo; Fe^Gla -|- iH^O ; FeiCla+SH.O; FeaClo -|- rH^O ; 
^Cl8-|-12HiO; andHjO. 

This case follows the general rule (except with the com- 
pound FejCla + ^HjO) that the composition of the separated 
compounds is the more complex, and their molecular weight 
^^berefore heavier, the lower the separation temperature. 
H| The portions of the curve marked DN, DO, FM, FP, HE 
^Hiforespond to lahde conditions ; at the point of intersection 
a, equilibiium exists between ice and the hydrate containing 
the largest proportion of water ; at D F H, between the ad- 
jacent hydrates ; and, finally, at K, between the hydrate 
poorest in water and the anhydrous salt. In all these cases 
the composition of the solution is intermediate between that 
of the two soUd bodies, since the one branch of the curve of 
solution collides with the neighbouring branch of the next 
lowest hydrate. The points indicated are at— 55°, 2T'-4, 30°, 
' Zcils./iii-i'hya. Chmit, x. p. 477. 
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55°, 66°, which are also the temperatureH at which the solu- 
tions solidify to eutectic mixtures of the two hydrates. 

In order to gain a proper idea of the prevailing conditions, 
let it be imagined the concentration and temperature of a 
ferric chloride solution Iw represented by a point situated 
above the part bounded by the portion nf the curve A B D 
E F (> H I K L ; in cooling, the solution will then first tra- 
verse a vertioiil line of constant composition, and will inter- 
sect one portion of the cui>ve, say F G II, on reaching a given 
temperatui-e. Supersaturation being precluded, there immedi- 
ately ensues separation of the solid substance corresponding 
to this portion of the curve, r.g. Fe20I|,-|-5HgO. As cooling 
proceeds further the liquid portion of the solution will traverse 
the curve towards lower temperatures, until it reaches the 
end point at which a second solid body is separated, and com- 
plete solidification occurs. If the solution correspond exactly 
to the composition of a hydrate, it will become entirely solid 
at the melting point of this latter ; or if the composition 
correspond to the intersection of the ciu-vea of two adjacent 
hydrates, the solidification will take place at the temperature 
corresponding thereto. 

A remarkable peculiarity will be noticed in the evapora- 
tion of ferric chloride solutions, more particularly between 
30° and 32° C, namely, that a dilute solution will, in course 
of evaporation, first dry to Fe^Cli,-!- 1211^0, then re-liquefy, 
afterwards dry again to i'ejCle-l-THgO, then lii^uefy once 
again, to dry a third time as Fe^Olg-i- -^IlgO, the entire series 
of these phenomena corresponding to stable conditions. 

As follows from the brauch curves BCD, DEF, etc., there 
are, between certain intervals of temperature, twfi saturated 
solutions of different composition, in etiuilibrinm with the 
solid hydrate, the one containing always more, the other leas, 
water than the solid hydrate. Both are, however, thoroughly 
stable, und in no way supersaturateil, this latter condition 
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first occurring in a solution belonging to a point situated 
below the portion of the curve ABCDEFGHIKL; and 
by the introduction of a fragment of the corresponding solid 
hydrate the supersaturation is removed, whereby, according 
to circumstances, the content of ferric chloride is diminished 
or increased, according as a saturated solution of the first or 
second category is formed. 



CHAPTER 11 

MOLTEN ALLOYS: VARIETIES OF SOLUTIONS 

The idea of regarding molten alloys as solutions is one that 
readily suggests itself, and, as a matter of fact, the two be- 
have in a very similar manner in cooling. Thus, if we take 
the silver-copper alloys as an example, these bodies give the 
separation curves shown in Fig. 3 of Plate I., the similarity 
between which and those of the aqueous solutions of common 
salt is unmistakable. In these — 

a is the fusing point of pure silver (960° C.) ; 

a 6 is the separation point of pure silver from alloys rich 
in silver ; 

6 c is the separation temperature of pure copper from 
alloys rich in copper ; 

c is the fusing point of pure copper (1090° C); 

dhe 'y& the solidification of the eutectic alloy of silver and 
copper (Ag. 72 per cent., Cu. 28 per cent.) at 775° C. 

The method of determining the curves of solubility and 
fusing point of an alloy can be gathered from the following 
simple observation : — 

If a substance be heated to any convenient high tempera- 
ture and then allowed to cool slowly, the rate of cooling is 
the more rapid at first, but continually diminishes as the 
temperature falls and time goes on. The progress of the 
cooling can be represented in a graphical manner by selecting 
the temperature and time as co-ordinates, and in this way 
curves of cooling are obtained. If the substance under in- 

14 
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vestigation doea not undei'go any change of condition, accom- 
panied by an evolution or absorption of heat during the 
cooling process, then tlie curve of cooling will be continuous, 
and of the type represented iu Fig. 4 of Plate I. (ab). 

If, however, a physical ur chemical change, accompanied 
by the evolution of heat, is sustained by the body dui-ing 
cooling, then the cui-ve will exhibit interruptions, which — 
according to the dimensions and rapidity of the liberation of 
heat m question — will appear, either as a sudden rise (Fig, 5, 
Plate I.) or as a prolonged constancy (Fig. 6, Plate I.) of 
temperature, or finally, as merely a local retardation of the 
decrease of temperature (Fig. 7, Plate I.). 

The points at which these interruptions occur are knowTi 
as " ci'itical points," and the corresponding temperatm-es are 
termed " critical temperatures," or, when the interruption 
extends over a large interval of temperature, " critical tem- 
perature zones." 

Now all bodies at all capable of existing in a liquid and 
a solid state of aggregation, possess a certain latent heat of 
fusion, i.e. they remain solid when heated jiist to fusing point, 
and, when heated further, gradiially liquefy, the temperature, 
however, remaining constant until complete hquefaction has 
ensued, and only continuing to rise when the application of 
heat is maintained thereafter. 

If now, on the other hand, a liody be hcateil above its 
fusing point — take silver, for example — and then slowly 
cooled, the temperature will fall in a legular manner until 
the solidification point is reached (m this case 960° C). At 
this point, however, it remains constant until the entire mass 
of the silver has become solid, and only then does it resume 
_it8 downward course. 

When, instead of a homogeneous body, we have to deal, 

example, with an alloy of silver and copper, then the 
»1 which ia in excess solidifies first, and therefore gives a 
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critical point, whereas the remainder of the mass still leBI 
liquid. Cooling therefore continues until the rest — ^ini 
case a mixture of the two metals, a eutectic alloy — solu 
suddenly and all at once, thus furnishing the second dl 
point. 

The critical points of a series of alloys of the same ni 
having been determined in this manner, all that is neo€ri 
to obtain the corresponding curves of solution is to an 
these points in a network of co-ordinates in accordance ^ 
the chemical composition of the alloys. 

Numerous researches of this kind have demonstrated] 
these curves of solution exhibit divergent characteristU 
form, according to the mutual behaviour of the compon 
of the solution ; and for this reason solutions have 1 
classified into a number of groups, as follows: — 

1. Solutions the compo2inds of which do not form * 
chemical compounds or isomorphous mixtures with ea^ch oth&i 

The solution curves of this group have the typical i 
represented in Fig. 8 (Plate I.), a being the fusing poir 
the constituent B ; c, that of the constituent A ; a &, o( 
spending to the separation of B ; & c, to that of A in the i 
form ; and finally, d e, the solidification of the eutectic mix 
Such solutions therefore exhibit three different solution cu 
which mutually intersect at a point corresponding to 
composition of the eutectic solution. 

2. Solutions the constituents of which form together 
isomorphous mixture, hut not a chemical compound. 

As can be seen from Fig. 9 (Plate I.), solutions of 
class exhibit only a single curve of solution, invariably 
necting the fusing points of the two components. Here 
the fusing point of B, h that of A, and ah represents 
sudden and simultaneous solidification of both constiti] 
of the solution. 

This peculiar behaviour may be readily explained by 
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VARIETIES OF SOLUTIONS 



assumption that each niemher of a series of Buch solutions is 
eutectic ; each such entectic solution haa therefore a different 
composition, and also a different fusing point. 

The two foregoing groups form the main tyjiee, by the 
combination of which a aeries of sub-types ean be obtained. 
Such are the following : — 

3. Solutions the components of which form chemical com.- ' 
binations, hut do iwt form, either toijether or with these 
combinations, any isomorphous mixture. 

A representation of these conditions is given in Fig. 10 
of Plate L Here a ia the fusing point of the component B, 
6 that of A ; e, however, being the fusing point of the com- 
pound A, Bj. a h corresponds to the separation of B, fi c and 
c d that of the compound A, Bj, and d e that of A, in the 
solid state. Finally, ff/, h i correspond to the solidification 
of the eutectic solution of B and A^ Bj,, or A and A^ By 

As the ligure shows, this curve corresponds to the arrange- 
ment of two curves of the first type. 

4. Solutions the components of which form chemical com- 1 
pounds furnishing an isomorphous mixture with one of the ' 
components (Fig. 11, Plate I.). 

Here a, d, and e are the fusing points of the components 
B, A, and the compound A, B^, ; ab represents the solidifica- 
tion of the excess of B ; be that of the compound A, B^, ; cd .■ 
that of the isomorphous mixture of A and A, Bj, ; and finally, 
ef the solidification of the eutectic mixtuie of B and A, B^ 
The curve is therefore a combination of the types 1 and 2, 

5. Solutions the components of which fo?-m no chemical | 
compounds together, but furnish isomorphous mixtures within J 
certaht pereentagv. limits. 

Two instances of this type are illustrated by Figs. 12 and 
i (Plate 1.)- In Fig. 1 2, u and c represent the fusing points 
! the two constituents. The excess of B solidifies at n 6, a 
mtectic mixture of constant composition solidifies at (/ b, and 
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the isomorphous mixture — i.e. a eutectic mixture of variable 
composition — solidifies at be. In Fig. 13, a and d are the 
fusing points of the components ; the excess of B and A separ- 
ates at a & and e d respectively, in the solid state ; the solidifica- 
tion of two different, but constant, eutectic solutions occurs 
at e & and ///, and the isomorphous mixture solidifies at 6 c. 

In many instances practical conclusions of industrial value 
have been drawn from the fusing-point curves, theory after- 
wards affording an explanation of the phenomena already 
known and utilised. As an instance of this may be cited 
the important operation of desilvering lead with zinc, a pro- 
cess that would, however, take too long to fully describe 
here.^ 

^ Bodlander, Berg- u» Huttcnm, Ztg., 1897, p. 331. 



CHAPTER III 



OSMOTIC PRESSUEE 



Vhen a eoncentrateil aqueous solution is covered with a layer 
of water, as it may be by the exercise of a little care, the two 
liquids will be superposed and separated by a reflecting sur- 
face. If, however, the whole be left to itself for a while, the 
conditions will be found to have sustained alteration, the 
dissolved substauee commencing to raise itself against the 
influence of gravitation and to distribute in the supernatant 
water; and this movement does not cease until the substance 
has become uniformly liistributed throughout the entire 
amoimt of water. 

This phenoraeuon can be readily observed by employ- 
ing a strongly coloured solution for the experiment. At 
the outset the water immediately above tbe plane of 
separation of the two liquids begins to be coloured; the 
coloration then extends further and further upwards, at 
the same time becoming progressively deeper near the 
plane of separation, which latter also recedes to a lower 
level. 

The experiment may be somewhat modified by arranging 
a so-called semi-permeable wall — which allows the passage 
of water, but not of tlie dissolved substance — between the 
two liquids. A wall of this kind may bo obtamed, for 
example, by impregnating a porous earthenware cell with 
a, solution of copper sulplmte, then carefully rinsing it and 
filling it with a solution of potassium ferrocyanide. In 
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this manner a coherent precipitate of copper ferrocyanide 
is deposited on and in the pores of the earthenware, which 
deposit has the property of permitting the transpiration of 
water, but not of any sugar (for example) that is dissolved 
therein. A sunilar ettect is produced by a number of other 
amorphous deposits, such as ferric oxide, gelatin tannate, 
silica, etc. 

If a solution of sugar be placed in a cell prepared 
in the above manner, the latter then closed with a 
cork and immersed in a vessel of water, the pressure 
obtaining in the cell can be determined by the aid of a 
manometer passed through the cork, and this pressure will 
be found to attain a certain maximum height, which 
depends on the concentration of the sugar solution, and on 
the temperature. 

These phenomena can be rendered visible in the following 
manner: — The cylindrical vessel, abed (Fig. 14, Plate I.), 
contains a solution of sugar, over which is placed a movable 
plunger, c/, which is made of semi-porous material, and 
attached to a stem, ^A, the plunger being surmoimted by 
pure water. The sugar, which endeavours to expand, but is 
prevented by the plunger e/, exerts pressure on the under 
surface of the latter, and moves it, so that water traverses 
it from above, and enters the sugar solution, which is thereby 
diluted. If now the stem of the plunger be subjected to a 
downward pressure equal to the upward pressure exerted by 
the sugar, the plunger will retain its position unaltered, and 
the concentration of the sugar solution will remain unchanged ; 
on the other hand, if the pressure on the plunger stem exceed 
the upward pressure, the plunger will descend, water will 
transfuse from below, and tlie strength of the sugar solution 
will increase. 

This pressure, exerted by a dissolved substance in its 
solution, is termed its " osmotic pressure." 
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Pfeffer, who made a thorough study of these conditions, 
found (in 1877) that — 

1. The osmotic pressure of a solution is proportional to 
its concentration. Thus, for sugar solutions he found — 



Concentration. 


Pressure. 


Ratio. 


1 per cent. 


53-5 cm. 


53-5 


2 


101-6 „ 


50-8 


2-74 „ 


151-8 „ 


55-4 


4 


208-2 „ 


52-1 


6 


307-5 „ 


51-3 



2. That in the case of all dissolved substances the 
osmotic pressure increases in proportion to the temperature, 
e.g, : 





Pressure. 


At 


At 


Observed. 


Calculated 


Saccharose . 


54-4 


32° 


14°-15 


51-0 


61-2 


it • 


56-7 


36° 


15° -5 


52-1 


52-9 


Sodium tartrate . 


. 156-4 


36° -6 


13°-3 


143-2 


144-3 


1 J 11 • 


98-3 


73° 


13°-3 


90-8 


90-7 



(This calculation is based on the supposition that the co- 
efficient 0*00367, applicable to the case of gases, is also 
correct here.) 

These two laws, which have been demonstrated accurate 
by numerous experiments, prove that osmotic pressure follows 
Boyle's law as well as that of Gay-Lussac, and can therefore 
be expressed by the well-known equation for gases — 

so that there remains for determination only the value of the 
constant E, which, as is well known, is uniform for molecular 
mixtures of different gases. 

If we take the molecular weight (in grams) as the unit, 
we have, for example, in the case of oxygen — 

Pressure of one atmosphere : j9 = 1033 grms. ; 

Volume of the gram-molecule of oxygen (32 grms.) at 
0° C. and 760 mm. pressure : 'y = 22,380 c.c. ; 
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Abfiohite temperature : T = 27.'^» ; 
and therefore — 

R=\j, =<S4700. 

In the case of a 1 per cent, solution of sugar, Pfefifer 

cletennined the osmotic pressure at 0° C. as 49*3 cm. of 

mercury, i.e. 49-3 x 13*59 = G71 grms. per sq. cm. If, in 

the equation 

pv = liT, 

we substitute the experimentally determined value (for gases) 

E = 84700, then we obtain for the 1 per cent, sugar solution — 

R.T 84700x273 

^_ = — = 34460 C.C. 

p o71 

Consequently a 100 per cent, solution of sugar would 
occupy only the one-hundredth part of this space, i,e, 
344*6 c.c, a figure corresponding with the molecular weight 
of sugar (C12H22O11 = 342). 

Therefore the osmotic pressure of a dissolved substance is 
the same as the pressure that would be exerted by the same 
substance if it were occupying in the gaseous state the same 
space as occupied by the solution, and at the same temperature. 

Hence, as J. H. van't Hoff has shown, the gas equation 
^ -y = R T is equally applicable to solutions. 

Moreover, it has been shown that Avogadro's law : that at 
equal temperature and equal pressure equal volumes of 
different bodies contain an equal number of molecules, applies 
both to bodies in the gaseous form and also in a state of 
solution. 

A perfect analogy, therefore, exists between gases and 
solutions, and we may consequently lay down for the latter 
the following general definition : — 

Solutions are molecular mixtures of several substances, 
the constituents of which mixtures exhibit the peculiarity of 
following the laws relating to gases. 
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This definition, however, ia not only applicable to all 
gaseous and fluid mixtures, but also, as numerous experimenta 
have demonstrated, to several solid mixtures, and consequently 
there must be botii solid, liquid, and gaHeons Bolutions, 

Now it is well known that the laws of Boyle, Avogadro, . 
and Day-Lnssac apply in merely an approximate manner to " 
gases, inaamuch as the latter exhibit deviations from these 
laws, and the more so in proportion as the liquefaction tem- 
pei'ature of the gases is approached. This ia due to the 
circumstance that, in considering changes of volume on the ! 
part of gases, only the iutramolecidar spaces between the 
molecules of gas, and not the entire volume occupied, have 
to be borne in niind on the one hand, whilst on the other 
a certain mutual action— attraction — goes on between the 
individual molecules, even in the case of gases ; this action , 
ia the cause of cohesion in Ii(]uid and solid bodies, in which ^ 
cases it is apparent in a much higher degree. 

Now, whereas the combined laws of Boyle and Gay- 
Luseac can be expressed by the equation j).v = 'RT 

(E being e<jual to f^). Van der Waal (1879), bearing 

in mind the above-mentioned circumstance, laid down the 
.equation — 

^o express the relation between the pressure, volume, and 
temperature of gases, and it has been proved that this equa- 
tion applies to permanent gases as well as to vapours and 
liquids. 

Hence, at the first glance, it must appear surprising that 

osmotic pressure should follow, not the Van der Waal law, 

but the Boyle-Gay-Lussae law. Nevertheless it will be 

evident, on closer consideration, that the case could not be 

lAierwise. The methods hitherto employed for determining 
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the osmotic pressure invariably give the osmotic energy P, 

i.e. the energy required to effect the removal of unit volume 

of the pure solvent from solution, and this value, when 

multiplied by the unit volume, has proved equal to the gas 

pressure. If, however, we assume that the pressure of the 

dissolved substance is increased in the proportion 1 : (1 — J), 

in consequence of the correction of volume, b expressing the 

fractional part of unit volume by which the space available 

for the movement of the molecule is diminished, it will then 

P 
amount to z j ; the osmotic energy to be developed during 

the removal of unit volume of solvent then being — 

P 

Pressure x volume = z — 7 (1 — &) = P, 

since the volume over which the pressure has to be resisted 
is for the same reason diminished in the proportion (1 — 6) : 1. 
Consequently the correction for volume is entirely dispensed 
with in these metliods of determination. 

We shall see later on that osmotic pressure follows the 
Boyle-Mariotte law, even in the case of high concentrations. 



CHAPTER IV 



Elation between osmotk; pressure anij other 
properties of solutions 



i a general rule, the properties of any body are modified by 
i presence of a, second body in solution therein. The pro- 
perties of special interest to us in this connection are : the 
vapour tension, boiling point, and solidification point of the 
solvent. 

To take the vapoiir tension first, a distinction must be 
drawn between eases wherein only one constituent of the 
solution is volatile, and where both constituents vaporise 
together. 

In the latter, and more general eventuality, the vapour 
tension of the liquid mixtm-e is er^ual to the sum of the 
partial tensions of the individual constituents, whereas in the 
former case the vapour tension ia identical with the partial 
tension of the solvent. 

Since the first and special case ia the one of greatest 
interest for us, we will more closely consider ttiin one JirBt. 

1. Let us imagine the case of a solution containing only 
a single volatile constituent, as being eontaine*! in the vewtel 
L (Fig. 15, Plate I.). Let this vcHsel I>e closed at A A by a 
semi -permeable wall, which only allows tiie volatile «^n- 
Btituent of the solution («.y. water) to paHH through ; and \m3 
also fitted with an ascending tube, H. Moreover, let tliw 
vessel be immersed, as regards its lower [Kirtion, in t)ie pure 
volatile soh'ent (in thk case water), the wholw I»t;ing eioHed i« 



26 SIDEROLOGY: THE SCIENCE OF IRON 

an air-tight manner, and maintained at a temperature, T. 
Under these conditions water will continue to force its way 
tlnough A A towards L, and raise the height of the column of 
liquid in the ascending tu])e until eciuilibrium is established, 
i.e. until the va})our tension p of the water is equal to the 
vapour tension of tlie solution p^, increased by the pressure of 
a column of vapour of the lieight H, acting on W. If this 
were not the case, then either an evaporation of water must 
occur in W, to be condensed in H and return to W through 
L and A, or vice versd, which implies that any amount of 
external work could be done at the mere cost of the heat 
present in the environment, a circumstance contrary to the 
second principal axiom of the mechanical theory of heat. 

To calculate the pressure of this column of vapour we 
revert to the expression of the Boyle-Gay-Lussac law — 

and refer this expression to a gram-molecule of the gas (i.e. 
the molecular weight of the gas in grams), whence, according 
to Eegnault's measurements of the density of the permanent 
gases, that one gram-molecule of this gas, enclosed at a tem- 
perature of 0° C. in the space of one litre, exerts a pressure 
^0= 22*35 atmospheres. Hence we obtain — 

22-35 , 0-0819 T 

pv = -^r^r;- . T = 0-0819 T ; therefore v = 

27o p 

whence results, for the specific gravity of the vapour at the 

temperature T, the volume v, and the pressure p, referred to 

water as unity, i.e. the weight of a cubic centimetre of the 

vapour in grams — 

M M.p M.p 

iOOO'v ^ 0-0819^. 1000 ^ 8l-9'T ' 

If, as will be assumed for the sake of simplicity, we have 

to do with dilute solutions, we may state p =Pi, and ignore the 

variation in the density of the vapour at different altitudes. 
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Moreover, if we remember that 1 atmosphere is equal to 
the pressure of 760 mm. of mercury, and term the specific 
gravity of mercury a-, we then have for the hydrostatic pres- 
sure of the column of vapour of the lieight H — 

HM./ 
P^P^^ 0-0819T. 1000.76.(7 ^^"'''^• 

If, furthermore, we express the specific gravity of the 
solution — which in case of dilute solutions will differ but 
little from the specific gravity of the solvent — by S, then we 
obtain the osmotic pressure of the solution — 

^'~7~6T^ 
and 

^ r. 76.(7 

±1 = • 

s 

By substituting this expression in the above equation, we 

have — 

P.M.j^i 

^ ""^^ ■•■ 1000S.0-0819T 

and for the osmotic pressure we therefore have the expression 

p-p^ 0*0819 T. 1000 S 

P= • ^iT atmos. 

Pi M 

This equation, however, applies only to very dilute solu- 
tions, and a more accurate expression is obtained in the 
following manner: — If, by a suitable exertion of power, we 
move the semi-permeable plunger, in Fig. 14, Plate I., down- 
wards to an extent equal to the volume dv, we shall press 
out from the solution dx gram-molecules of the solvent, and 
thus have done an amount of work ecjual to V .d v. 

Had the same quantity of the solvent been withdrawn 
from the solution by (isothermal) distillation, the amount of 
energy consumed would have been — 

dx^^>T.lf 
Pi 
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which evidently must be quite as great as in the former case. 
Hence we Hhould have — 

Pi 
and '^ ^' P 

If no alteration in volume or expansion occur on the 
mixing of the solvent and dissolved body — which is approxi- 
mately the case, even with 30 per cent, solutions — then the 
volume of the liquid will, by the addition ol dx gram- 
molecules of the solvent, be increased by — 

M 

dv= d X. 

We can therefore substitute in the above equation — 

dx_ 8 

dv M^ 

S « 

and thus obtain P = _ _ j^ T . Z . 



M* • >i' 

By substituting E = 0*0819, and expressing the volume of 
a gram-molecule in litres, we finally arrive at the expression — 

00819 T. 1000 S, p 

V = :77 1 . atmos. 

M p, 

2. As we have seen, the vapour tension of a solvent is 
lowered by the presence of the dissolved substance, i,e. the 
pressure being equal, the boiling point is raised. 

In order to determine the connection between the increase 
of boiling point (when small) and the osmotic pressure, use 
may be made of the formula of Clausius — 

dip X 

dY'^uY^ 

wherein X = the molecular heat of vaporisation, the integration 
of which formula furnishes the expression — 

\ 

lp= — j^ + const. 
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to the boiling 



^phe equatiou lp(^= — 'h~^ + "^onst. applie 
V point Tu of the pure solveut, and therefore — 

/I, f. E LT, tJ 
By substitution in the previoua equation — 
Q-0819T.100QS p_ 

00819 T. 1000 S \ ri 11 

„elmTeP= g -^-:^^ L li " T J ' 

If we express herein the latent heat of vaporisation of | 



1 grm. of the solvent by / = 



and substitute i = T — Tg, 



have 



r = 



T. 1000 S.l.t 1000 S./.( 



- atmos. 



wherein 24'17 represents the equivalent of a litre-atmoa- 
phere in gram-calories. 

3. It is a well-known fact that aubstaneea vaporise from 
the solid state as well as when in the liquid condition. The 
freezing point of a lii[uid is, however, the temperature at 
which the two conditions — solid and liqiud — of the same 
body can exist at the same time, and, as a simple observation 
will show, the vapour tension of the liquid body at the freez- 
ing point must be just as great as that of the solid substance, 
since otherwise one of the two conditions of aggregation would ' 
vaporise more rapidly than the other, in which event the equi- 
librium between the solid and the bquid condition would suffer 
disturbance, i.e. the two forms eoidd not exist aide by aide. 

As now the vapour tension of the liquid solvent is de- 
pressetl by the addition of a foreign body, that of the solid 
solvent must also aufler reduction at the freezing pomt, or, in 
other words, the freezing point of a solution must be lower 
1 solvent. 
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With reference to the molecular heat of vaporisation, we 

have already made acquaintance with the Clausius equation 

d.lp 

Similarly, for the molecular heat of sublima- 



X-.ET2 



dT' 



dlpi 



tion of the solid body, we have <r = E T^ -Tm", wherein p 

implies the vapour tension of the liquid solvent, and p^ that 
of the solid solvent, both at the freezing point. From this 
we obtain by integration — 

\ 
^^=-ET 
and 



+ G' 



lpi= - 



KT 



+ C. 



Now, as we have already seen that p=Pi=Po ^^ the 
freezing point, we may write — 



ho= -ift^' + ^- 



ET 



Hence it follows that- 



Pi ^ 

Pq 



h-lpQ = l-zr = — 



ET 



r 1 
f 
1 



1 -» 



J 



1 

T 



J 



and, by subtracting one equation from another, we obtain- 

a--\ ^1 1 



l-^ = 



Pi 



ET 



T 



If we express the molecular heat of fusion of the solvent by 
w = €r — X, and the heat of fusion in gram-calories, then (in 
analogy with the boiling-point equation) we obtain — 

1000 S.7r t 
P = ^ . . H, — • ;;r- atmos. 



24-17 







wherein t indicates the lowering of the freezing point. 
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According to the foregoing, the presence of a second 
constituent of a solution raises the Iwiling point of the first 
constituent, but lowers the solidification point. In the second 
chapter, however, we made tlie awjuaintance of solutions, 
wlierein, on the contrary, the solidification point of the one 
constituent of a solutioQ is raised by the presence of a second : 
of this class are the solutions of such bodies, which together 
furnish a homogeneous mixture. 

In order to understand this behaviour we will investigata*! 
the vapour tension of solutions consisting of two volatile 1 
components, and in observing these phenomena will follow I 
the clear description given by "W. Nenist. 

When to a liquid. A, a small quantity of a second, B, is 
added, the resiilt is, on the one hand, to diminish the vapour 
tension of A, whilst on the other hand the total vapour 
pressm-e of the residting solution is increased by the circum- 
stance that the dissolved quantity of B also evolves vapour ; 
in fact, the partial pressure of B in the vapour in a state of 
equilibrium with the resulting solution is the greater in pro- 
portion as the coefficient of solubility of the vapour of B ie 
smaller as regards the hquid A. Tlie same uatiirally applies 
to solutions formed of small additions of A to B, which also 
may, according to circumstances, have a larger or smaller 
vapour pressui-e than the liquid B by itself. As now thed 
properties of the mixtui-e must vary in accordance with itsj 
composition, a distinction will have to be drawn between them 
three following typical cases as regarfs the dependence of tha^ 
vapour tension on the mntual ratio of the two hquida :- 

" I. The vapour of A is readily soluble in B, and the 
vapour of B in A Then, whether the addition consist of a 
small quantity of A to B, or of B to A, the vapour tension of 
the resulting solution will decrease. Starting with the solvent 
A, the vapour pressure of which we will assume to he p^^, at 
the prevailing tem^ierature, aud adding thereto i 



m 
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increasing quantities of B, the vapour pressure will decrease 
at first, until a minimum is attained, whereupon it reascends, 
and finally, in the presence of very high proportions of B, 
approximates to the vapour pressure of the pure solvent, 
namely, p^. 

" II. The vapour of A is but slightly soluble in B, iand 
that of B in A. In this event the addition of a small 
quantity of A to B, or of B to A, will increase the vapour 
tension of the resulting solution. Consequently, given suc- 
cessive additions of B to A, the vapour pressure of the 
solution will at first be greater than p^^ thereafter attaining a 
maximum, and finally, as there occurs a large excess of B, will 
recede again and approximate to the value p^, 

" III. The vapour of the one liquid is readily soluble in 
the other, whereas that of the second is only soluble with 
difficulty in the first. Under these circumstances a slight 
addition of B to A will make the vapour tension of the 
resulting solution smaller than that of the solvent, but a small 
addition of A to B will raise the vapour tension in comparison 
with that of the solvent. If now the vapour pressure of A 
{P\) be greater than the vapour pressure, p^, of B, then the 
result of successive additions of B to A will be to cause the 
vapour tension of the solution to continuously recede from^i 
to jt?2> without attaining any maximum or minimum (Ilia). 
It is, however, imaginable that, conversely, the initial addition 
of B to A would increase the vapour tension, whilst the 
addition of A to B would diminish it ; in such event, the 
result of successive additions of B to A would at first be to 
cause the vapour tension of the mixture to increase, attain 
a maximum, then decline until of lower value than p^, traverse 
a minimum, and finally, in presence of a large excess of B, 
approximate to the value p2, (I IK)." 

The comprehension of this phenomenon will be facilitated 
by a glance at the curve plotted in Fig. 16 (Plate L). The 
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abscissa represent the proportions of the mixture (percentage 
of B), the ordinates indicating their vapour tension. For the 
case No. I., the example selected is a mixture of formic acid , 
and water ; for No. II., water and propyl alcohol : for No. Ilia, 
ethyl- 01' methyl alcohol and water. On the other hand, the 
d(jtted curve representing the case No. III6 has not yet been 
discussed or realised. 

The case No. Hire applies to sohitions the components of 
which form homogeneous mixtures. 

Strictly speaking, all that has been stated above with 
regard to osmotic pressure and its relation to the other ' 
properties of solutions, applies only to dilute solutions, though 
the laws in question also apply, in an approximate degree, to 
higher concentrations as well. 

Dieterici (Wif.d. Ann., 1894, 52, p. 263), as also Th. 
Evans {Zeits. f. pkps. Chem., 1894, 14, p. 409), have shown ' 
that, even with higher concentrations, the dimensions of the 
osmotic pressure remain proportional to the quantity of sub- 
stance dissolved. For the relation between the osmotic energy 
and the vapour tension, and the lowering of tlie solidification 
point, the fonner gives the expressions — 

In = R.T. In^ 
f 
e the osmotic energy reduced to the freezing pomt of the 
solvent, taken alone — 

rr _ rP-g_'^i-Ca t C,-Ca (n 

-"o ~ * [~T ' 2 ' "f^ "*" :i ' f sj ' 

I In these equations — 

n equals the osmotic energy, 
E, the gas constants, 
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o» 



^o> 



J?, the vapour tension of the pure solvent, 
Ply the vapour tension of the solution, 
fy the reduction of the solidification point, 
p = 0-0 — Xq + (Ci — Cg) Tp the molecular heat of fusion 
at the temperature T, 
the latent heat of sublimation of a molecule at the 

fusing temperature, 
the latent heat of vaporisation of a molecule at the 
fusing temperature, 
Tq, the melting point of the pure solvent, 
Ci, the molecular heat of the liquid solvent, 
Cg, the molecular heat of the solid solvent, 
q^ the heat of dilution. 
The values for osmotic energy, calculated from the fore- 
going equations, are, as the following figures will show in the 
case of solutions of potassium chloride, actually proportional 
to the concentration : — 



7/1(1) 


t 


9 


pi 


Ho 


Cal. 1. 


Cal. 2. 




3-72 

7-45 

14-90 

22-35 




1-667 

3-284 

6-53 

9-69 




- 1-63 

- 5-96 
-19-5 
-34-3 


4-620 
4-546 
4-472 
4-326 
4-190 


s-'so 

17-55 
35-18 
52-64 


• • • 

8-76 
17-67 
35-71 
53-12 



(^' Percentage of KCl in the solution. 

The first value for IIq is calculated from the vapour 
tension, the second from the depression of the solidification 
point. 

C. T. Heycock and F. H. Neville (Trans. Chem. Soc, 1890, 
vol. 57, pp. 376-393) have proposed another and simpler 
method for arriving at equations which shall also apply to 
concentrated solutions. 

On the basis of Lagrange's equation of movement, Professor 
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J. J. Thomson {Application of Dynamics to Chemistry and 

f physics, p. 263) has deduced the equation — - 

for the molecular depressinn of tlie solidification point, in 
which equation p rcpreaents the osmotic pressure and s the 
density of the solvent ; this equation is identical with the 



If, in order to render the above formula clearer, we take 
as example the ease of an alloy of tin and gold, in which the 
former metal predominates, it will he found that, during the 
cooling of the alloy, pure tin in the solid form will be the first 
to separate out, and that the volume in which the gold is 
distributed is therefore reduced. Consequently the energy 
p must be exerted in order to overcome the osmotic pressure. 
When the unit volume of tin solidifies out, the work p has to 
be performed to compress the gold. A source of this energy 
is to be found in the liquid, which may be regarded as a 
perfect caloric machine ; since, on the aohdification of a unit 
volume of tin in the pure state at the temperature T, an 
amount of heat represented by s . w is disengaged. If, how- 
ever, the tin solidifies at T — ^theu, according to Camot'a 

law, a portion of this heat (uai 

woi'k. 

If we pose this expression =;;, we obtain— 
i 

lerem ( indicates the reduction of temperature which must 
Mue before the necessary amount of energy can be exerted. 



n 
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In the case of a solution of 1 mol. of a metal in 100 
atoms of tin, we have — 

Melting point of tin = 281°-5 C. or 504°*5 absolute, 
w = 14-25 cal. (Person) = 14*25 X 41*6 X 10® dynes, 
H =7-29, 

Sn =118 (atomic weight of tin). 
Hence the volume of a solution containing 100 atoms of 

100 X 118 11-8 ,. 

tin is equal to .. ^^^ = litres, and the solidifica- 

^ 1000.8 s 

tion temperature can be approximately gauged at 500° 

absolute. In this way we ascertain the osmotic pressure, 

called into action by the presence of a molecule of an 

extraneous metal, to be — 

n X 22-3 X 500 xs „ 

P — TTT. — 7:^77^ = 3*46 n.s, 

^ 11-8 X 273 

n= 1013x10^ dynes representing the atmosphere pressure. 
By substituting this value in the formula t= , the 

molecular depression of the melting point works out as 
E = 3° C. (A more precise calculation gives p = 3°*5, and 
t = 4°*14 C, whereas the van't Hoff equation gives — 

r£i2 

E = 0-0198— = 3°-54 C.) 

%o 

The above-mentioned equation of J. J. Thomson can also 

be made applicable to more concentrated solutions, by bearing 

in mind that p does not vary as T but as T — ^, and that the 

volume of the solution is greater than that of the original 

solvent. In this case we have — 

0-0198 (T — O^ P 

E= ^ ^=— (T-0 

w w ,s 

and 

M t 

^ m (T — ^) 

wherein s is the density of the molten solution, w the latent 
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heat of fusion of the solvent, M the molecular weight of the 
dissolved body, m the proportion of dissolved substance per 
100 parts of solvent, t the depression of the melting point, 
and T the melting point of the solvent in absolute tempera- 
ture. 



CHAPTER V 

OSMOTIC PRESSURE AND MOLECULAR WEIGHT OF THE 

DISSOLVED SUBSTANCE 

In the third chapter we learned the axiom that the osmotic 
pressure of a dissolved body is just as great as the pressure 
which would be exerted by the same substance were it occupy- 
ing, in a gaseous state, the same space as the solution, at the 
existing temperature. 

Now since, according to Avogadro's law, equal volumes 
of all gases at the same temperature and pressure contain an 
equal number of molecules, it follows therefore that under 
these circumstances the density of the gases must be pro- 
portional to their molecular weights, and the same must also 
apply to solutions which at equal temperatures exhibit equal 
osmotic pressure, and are therefore isosmotic. 

Hence the osmotic pressure affords a means of determin- 
ing the molecular dimensions of the dissolved substance, and 
is actually employed for this purpose, frequently with 
advantage. 

For instance, if a solution contain c grms. of the dis- 
solved body per litre, and exhibits the osmotic pressure p (in 
atmos.), its molecular weight will be — 

M = 22-41 (1 + 0-00367 ^ 

since the gram-molecule — or, as it is usually termed, the 
mol. — of a substance exerts a pressure of 22*41 atmos. when 
enclosed in one litre at 0° C. 

38 
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Now, 83 it is but seldom that the osmotic pi-essure can be 
meaeured direct, the equations employed for the calculation 
of tile molecular weight are referred, not to this, hut to the 
depression of the vapour tension, the elevation of the Imiling ' 
point, or to the depression of the solidificatiou poiut of thfi ' 
solution. 

Tbia last-named meth(^d is the only one applicable in the ' 
case of alloys, and on this account will he the only one more 
closely described here. 

If we repieseut by E the luoleeulai* deprtiHsion of the 
freezing point sustained by the solvent in question, i.e. the 
depression of freezing point sustained by a solvent in conae- 
quence of the dissolution therein of 1 mo!, of a given 
substance per 100 grms. ; and if we take m to indicate the 
quantity of the said substance dissolved in 100 grnis. of the 
said solvent, the depression of the freezing point being 
expressed by f, then the molecular weight of the first will be — 



M -■ 



E 



B^ By means, however, of the gaa constants It and the 
temperature of fusion To expressed in absolute figures, the 
value of E and the heat of fusion w of the solvent can be 

^^mlculated by the equation — 

If we calculate U7 in calories, then K aim muHt be 
expressed in the same way, and we obtain — 

001991 .fj 

■ E = . 

"■ 
On ihe other hand, for concentrated solutions, iitte may In 

made of the eciuatjon SI = „t lleyaxk and 

Neville. 

Sow it has been shown that the molecular diimjw ' 
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the dissolved substance depend on the nature of the solvent 
and the concentration of the solution. Thus, for example, it 
is found that the molecular weight of acetic acid when dis- 
solved in benzol (not too dilute) is 120 (corresponding to 
the formula (CH3COOH)2), whilst when in solution in ether 
it is only 60 (corresponding to the formula CHgCOOH), and 
when dissolved in water is still smaller. In the latter condi- 
tion it must therefore be dissociated. Consequently the 
solvents can be arranged in order, according to their 
" power of dissociation." 

The greatest action in this particular is exerted by water, 
after which solvent can be arranged a series of others ex- 
hibiting this power in a minor degree. Alcohols, phenols, 
esters, ether, and acetone have only low powers of dissociation, 
and, when the concentration is not too great, the dissolved 
substances exhibit normal molecular weights; on the other 
hand, anethol, azobenzol, paratoluidin, and still more, benzol, 
naphthalene, diphenylmethane, diphenyl, carbon disulphide, 
chloroform, ethylene bromide, etc., show a more or less 
pronounced tendency to unite the dissolved substance to 
form higher molecular complexes— double molecules in 
particular. 

In a given solvent the tendency to dissociation increases 
with the degree of dilution, as will be evident from the 
following figures relating to solutions of chloral hydrate in 
glacial acetic acid — 



m 


t 


a 


0-266 


0-095 


0-52 


M79 


0-385 


0-38 


2-447 


0-755 


0-31 


4-900 


1-450 


0-25 



In this table m expresses the number of grams of chloral 
hydrate dissolved in 100 grams of glacial acetic acid ; t is the 
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depression of the freezing point, and a the " degree of dis 
sociation," i.e. the proportion of dissociated molecules referred 
to 1 gram of chloral hydrate. 

The cause of this power of disaociatiun ia still unknown, 
b\it it would appear to increase with the dielectrical constant. 
Perhaps the solvent exerts some chemical action on the dis- 
solved substance. 

Nemat (T/woretisdi^ Chemie, second edition, p. 2C2) ex- 
presses himself on this point as follows ; — " The solution ol j 
tliis question has engaged a good deal of attention, but so 
far without any successful result. It must be empliasiBed 
that if any combination does occur between the aolvent and 
the dissolved substance present in a solution of low con- 
centration, it does not in any way alter the number of 
diesolved molecules, and therefore does not change the 
osmotic pressure of the latter ; therefore it cannot find 
expression in the values obtained in respect of the depreasion 
of the freezing point, etc." 

This view needs correcting in one particular, inasmuch 
as though the number of molecules of a substance diBSolved 
in a given weight of a solvent does not undergo any altera- 
tion in consequence of a chemical combination being fonned 
between that substance and the solvent, neverthelewi the 
relation between solvent and dissolved sulwtanee suataiiw 
an alteration which, under certain circumstances, justtfim UH 
in concluding that suc-b combination baa occurred. Tliiii is 
decidedly the case when solutions of elements ara in quetticni, 
and when the molecular weight of tbe distiiKlvei) elcriietit, as 
deduced from the degjirensioD of tbe freezing jwrtnt, ctiiui 
out smaller than the atomic weight If the jiarticulani 
aa to the melting point and Ut«nt lieaL of fiution are 
reliable, there is then no other counie open ttutn the f««- 
going assumption, nnleae we assume a sithdiviflion <rf the 
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Thus, for example, in the case of alloys of tin with lead 
and bismuth, we have — 



Compontion. 




Fusing 
Point. 


1 


JR 


M 


1 

u 
1 


8n 

100 
90 
90 


Pb 

1 

• • • 

10 

• • • 

1 


Bi 

• • • 

• • • 

10 


•c. 


232-7 

210 

210 


• • • 

22 7 
22-7 


... 
11-11 
11-11 


180-495 
180-495 


0-874 
0-860 

1 



Here n expresses the average number of atoms consti- 
tuting the molecule, whilst the other letters refer to the same 
particulars as before. 

If we assume, in both cases, the combination of 1 atom 
of tin with 1 atom of lead or bismuth, then we should 



lave 














Composition. 


■ 


Fusing 
Point 


t 


m 

1 

1 
1 
1 
1 

18-69 ' 

18-65 

i 


M 


n 


Sn PbSn 

1 1 


BiSn 


'C. 




100 ... 1 
84-25 15-75 
84-28 1 ... 

1 


• • • 

15-72 , 


232-7 

210 

210 


• • • 

22-7 
22-7 


305-4 
303-0 


1-88 
1-86 



On the other hand, the assumption that 2 atoms of 
tin have combined with 1 atom of lead or bismuth, would 
give— 



Composition. 



Hn 



100 
78-5 
78-56 



PbSnj ' HiSnj 



21-5 



21-44 



Fusing I 
Point. 



C. 



232*7 

210 

210 



t 


m 


M 


n 




... 


... 


• • • 


22-7 


27-51 


476-6 


3-21 


22-7 


27-29 


473-0 


318 
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that ia to say, values that are quite possible froiu the ataud- 
point of theoretical cheiuiatrj. 

If this behaviour should he continued by subsequent 
investigation, a plauaible explanation of the dissociating power 
of certain solvents would be afforded. 

In many cases it can be demonstrated chemically that, 
during the cooling of solutions, the solvent does not separate 
out in a pure state. In such cases the assumption that 
combination has occurred between solvent and dissolved 
substance would appear connect ; nevertheless, this l>ehaviour 
can also be explained liy tlie Ho-ciilled "phenomena of ad- 
sorption." 

Thus, for instance, if powdered wood charcoal be shaken 
up along with a solution of iodine, a separation of iodme 
occnrs on the sui'tace of the charcoal, the amoimt of iodine 
" adsorbed " in this manner depending on its osmotic pressure 
in the solution. The assumption of the formation of a solid 
solution is here out of the question, the equilibrium of ad- 
sorption being established with a rapidity incompatible with 
the rate of diffusion in solid substances during the formation 
of such a solution. 

As is evident from the foregoing, the molecular weight 
of the dissolved substance can only be deduced with certainty 
from the depression of the aohditicatiou point, provided the 
other constituent of the solution separates out in a pure 



^H»rec1 



If this is not the case, we may frer|uently arrive at a i 
ition of the value, or at a more accurate opinion us to J 
the fonn in which the dissolved substance is prraeut in the J 
solution, Ijy obtaining figures for the molecular weight tliafcl 
are impossible accoi'ding tij the formula. Nevertheless, Ruoh 1 
deductions must be confirmed by other investigations if they 1 
are to be accepted as certain. 

If the chemical composition of the separated constituent 
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be known, and is constant in the case of dilute solutions, 
the calculation of the molecular weight may be performed 
by adding to the solvent the. composition of the separated 
components, and deducing therefrom the value of m. Of 
course the corresponding values for the melting point and 
the latent heat of fusion must also be taken into account. 



CHAPTER VI 



SOLUTIONS OF GASES 



All liquids, and Bome solid budies, poBsess the property of* 
dissolving gasea. The quantity of gas that can be taken up 
by any liquid depends on the nature of the gaa as well as 
on that of the liijuid itself, and for any given gas and 
li(]uid is proportional to the gas pressure (Henry's law). If 
we call the amount of gas contained in imit vohune of the 
gas itself, and in that of the liquid, its concentration (volu- 
metric), it may also he said that, for the gas and hquid in 
question, the concentration in gas vohime is also in the 
same proportion to that in liquid volume when the pressure i 
changes. This constant ratio of the concentrations ia termed 
the coefficient of solubility of the gas. 

The solubility of a gas in a hquid— consequently the value 
of its coefficient of eolubihty — generally diminishes with the 
temperature. 

Gaseous mixtures dissolve in liquids in such a luanner as 
though each portion of the mixture were jireseut alone luider 
its partial pressure (Ualton's law). 

All these laws — -just as the laws of gases — apply in a 
merely approximate manner, and the more completely in pro- 
portion as the Bolubihty is lower and the pressure leaa. 
However, in the case of gases which are exceedingly soluble 
— to an extent equal to several hundi'ed times the volume 
■rof the liquid — the amoimt of absorbed gas usually in( 
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at a much slower rate thaa the preasure, a condition thattj 
however, ia mostly attributable to chemical reactions between! 
the solvent and the gas. OceaBinnally deviations from 
Heiiry'B law, occurring at low tempei'atm'es, (lisappear vrhen 
the temperature is I'aised. 

One noteworthy feature is that, when a solution has been 
saturated with gas at a given pressure, the evolution of gas 
does not begin immediately on tlie pressiu-e being lowered. 
Solutions of gases very readdy remain supersaturated, anJ 
the removal of the excess of gas only begins when the liquid 
is brought into intimate contact with the same gas (or, better 
still, another gas) under reduced pressure. (Energetic agita- 
tion, introducing porous powdereil substances enclosing a large 
amount of air, etc.) 

The molecidar theory of the solution of a gas in a liquid 
lias been stated in a very lucid manner by Ostwald in the 
following tenns : — 

" When the moleciJea of tlie Krat-uamed encounter the 
surface of the water, they are held fast in consequence of the 
mutual reaction set up between themselves and the moleculea 
of water. When a certain number of molecides of the gas 
have been taken up, it will come to pass that also a molecule 
of gas present in the water wil! disengage itself from the 
attraction thereof, and will return to the sjiace occupied by the 
gas. This occurrence, will be repeated the more fi'equently the 
larger the number of gas molecides in the liquid, and finally 
a state of equilibrium will arise, wherein just as many moleeidee 
will eater the liqmd as issue therefrom. When the pressure 
is changed, the number of encountering molecules increases or 
diminishes in the same ratio; equilibrium, therefoi'e, can only 
exist when the number of the molecules escaping from the 
liquid, or the number of those dissolved in the liquid, is changed 
in equal proportions. Consequently the amount of gas dia- 
Bolvcd mabt be proportional to the pressure. 
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" In the case of gaseous mixtures, the equilibrium will be 
established for each component in proportion to the number 
of its molecules, i.e, its partial pressure, independent of the 
other components, inasmuch as the number of entering and 
escaping molecules must be the same in each case. That is 
Dalton's law. 

" The influence of temperature changes the number of 
the ingoing and outcoming molecules in a similar direction, 
so that at first it remains without efiect. At the same time, 
however, the constitution of the liquid and the mutual re- 
action of its molecules with those of the gas undergo change, 
the latter decreasing as the temperature rises. To these 
latter constituents is largely due the decrease of solubility 
generally observed with increasing temperature." 

For our purpose another phenomenon is of particular 
interest, namely, that the solubility of gases in liquids is 
generally diminished by the presence of a dissolved solid 
body. It must also be mentioned that the solution of gases 
in liquids is invariably attained by evolution of heat. 



CHAPTER Vll 

SOLID SOLUTIONS 

Hitherto we have considered liquid solutions exclusively. A 
series of facts, however, compels the assumption that solutionB 
also exist in the solid condition of aggregation. 

Thus, for example, iron is capable of absorbing hydrogen, 
which may even penetrate right through the metaL Platinum 
or palladium also absorb considerable quantities of hydrogen, 
which gradually distributes itself through the whole of the 
metal. 

Solid carbon is capable of penetrating glowing iron, and 
even of traversing porcelain crucibles, etc. The sole assump- 
tion by which these phenomena can be satisfactorily explained, 
is that solid bodies also possess solvent powers ; that conse- 
quently solid solutions exist; and this assumption is con- 
firmed by the behaviour of solid alloys in cooling down from 
a high temperature. In some alloys it is found that, even 
after complete solidification, they exhibit critical points 
attended with the evolution of heat. 

These critical points,^ however, as we have seen, afford 
proof that alterations in condition occur within the alloys 
at the temperatures in question, and are accompanied by a 
liberation of energy. 

In many instances it has been found possible to show the 

^ The determination of the critical points of alloys, wliich at the present 
time forms an important branch of the testing of metals, has received the some- 
what peculiar name of **cryoscopy.'' 

48 
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nature •:•! these altirra:: i-il? ly zneans of microscopical and 
mieroehemieal re;5€sin:bc& As eximple, let us take the case of 
brnkozes, of which, it 15 tme. our knowledge is still somewhat 
imperfect, bu: whioh. h.-^wever, clearly shows the complex 
character of the c»>n'.i:::oii5. 

Osmond ^ expresses himself in the following terms : — 

The c»:»mplete curve of fusion has been determined by 
Stansfield ^Fig. 17). Below this are drawn several curves 
showing the moditications produced by chemical composition 
and a nimiber of physical pn.^perties, such, for instance, as 
the electro-motive power (Lanne), the electric conductivitj 
(Lodge), the conductiWty for heat (Calvert and Johnson)} 
hardness (Martens), induction on the Hughes balance 
(Roberts- Austen), tensile strength and expansion (Thurston). 
Most of these curves are taken from a work by Stansfield. 
A few, I think, apart from individual irregularities, seem to 
demonstrate the existence of compounds of definite composi- 
tion, such as SnCuj and SnCu^. 

By investigating the microstructure, H. Behrens found 
a still larger number of compounds, and H. Le Chatelier 
claims to have isolated a compound SnCuj by rational 
analysis. Nevertheless, an alloy so composed exhibits two 
points of recalescence. As a matter of fact, however, almost 
every one of the conclusions from one set of experiments can 
be confuted, or at least called in question by the results of 
another set, and any attempt to explain these variations of 
l)ehaviour is encountered by insurmountable difficulties. A 
single glance at the curve of fusion will show the complex 
character of the question. Some of the alloys have three 
or four modification- (critical-) or solidification points, the 
position, and even the curve, of which depends on the rapidity 
of cooling. 

Fortunately the solution of the task may be consid^v 

^ BaumoUericblkiLnde, ii. p. 69. 
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Eeaaibk', tljanks mainly to micrograph ical analysiB, which 
Eurnishes as many ei[uatioHS as imkiiown quantities, and 
with which Guillemin, Behrens, ami Charpy have obtained 
Bucb interesting results. The aohition ie only a matter of 
time, patience, and method. 

Osmond has described a series of niicrographieai points 
taken by Guillemin. 

The first series of experiments deals with bronzes which 
were cast in moulds in the form of square rods of 15 x 
1 5 mm., and contained an amount of tin ranging between 
9 and 33 per cent. All the photographs are magnified 100 
times, no fm'ther details being shown by additional magni- 
fication. 

The bronze containing 9 per cent, of tin (Fig. 18, Plate 
II.) appears homogeneous, or at least the examination points 
to that condition. It probably possesses only a single fusing 
point, since with this percentage of tin the line 6 6 of the 
second sohdification point of Stanafield's curve ceases (accord- 
ing to more recent observations it extends as far as 5 per 
cent, of tin). 

The bronzes with 11, 16, and 19 per cent, of tin (Figs. 
19, 20, 21, Plate 11.) exhibit, in increasing proportion, a 
second body, which deposits around the crystals of the first 
ona Its solidification point is probably indicated by the 
line bb oi the diagram. 

With 33 per cent, of tin the alloy again becomes homo- 
geaeouB, and consists of contiguous polyhedm, though in no 
wise a compound of definite composition (SnCuj or SnCu^) 
(Fig. 22, Plate II.). 

Another series of photographs shows the inlhience of the 
rate of coohng on a bronze containing 19 per cent, of tin. A 
sample was east in sand and slowly cooled (Fig. 23, Plate II., 
.fication 100 diameters). The crystals of the first 
"xhibit more clearly defined shapes than those 
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I 



of a similar specimen cast in a metal mould (Fig. 21,] 
In addition, the matrix, which corresponds to 1 
Bolidification point, is no longer homogeneo 
lip into two constituents, one of which has becom 
by oxidation, as may be aeen from the highly i 
photograph (Fig. 24, Plate II., magn. 500-fold), 

A second sample of the same alloy at dark : 
was hardened in water at 50° C. On examir 
structure (magn. 100 -fold linear) it appears 
same as above (Fig. 26, Plate 11.). HoweverJ^ 
magnifietl 500 times linear (Fig. 26, Plate II.), 
seen that the matrix corresponding to the second e 
tion point has not split up into two parts. The aibi 
retarded by hardening is probably that corresponding ■ 
line C U of the diagram. Oonsetiuently the line C C a 
less to indicate the true soliditication point of a liqni 
the refining of a so-called solid solution. 

Apparently the matrix itself still continues to c 
a sctlid solution, which is not dissociated until subjec 
further gi-adual cooling. 

This example illustrates the remarkable analogy e 
between liquid and solid alloys, and shows that man 
alloys must actually be regarded as solutions. 

Under these cireumatanees these solid solutions i 
follow the laws relating to osmotic pressure, and the rdl 
between the temperature of deiwsition (refining temp< 
and molecular weight of the dissolved substance, jxiS^iA 
same as liquid solutions. The sole ditt'erence manifee 
that the depression ot the temperature of eonversioB 
not in general con-espond to the ilitt'erence between tbi 
the fusing iwint of the pure solvent, and that conseqOB 
another value must be substituted for E (the molecularfl 
pression of the fusing point) in the calculations. ThisB 
will be dealt with later on. 
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Afl we have already seen, the usual procedure during the 
oolmg down of a dilute lirjuid aolutlon, is for the pure solvent 
> separate out first, iu the solid form, which case we have 
fciliaed for the determination of the oamotic pressure, or the 
lolecular weight of the dissolved substance. Now and again, 
o^wevet, it happens that in such cases the separation that 
3CU]'8 is not of the pure solvent, but a crystalhsation of a 
lolecular mixture of the anlvent and the diaaolved substance, 
condition which — apart from chemical exanunation- — <ian be 
eec^ised by the depression of the solidification poiut being 
mailer than is furnished by calculation from the molecular 
weight and the percentage of dissolved substance. Van't 
loff explained this remarkable phenomenon by the assump- 
ion that the mixture that crystallises out is a solid solution, 
■ hypothesis confirmed by the thorough researches of van 
iijlert (Zeits. f. phys. Chem., 1S91, vol. viii. p. 343). The 
itter found, in the case of a solution of thiophene in benzol, 
hat a Bohd solution of about one-seventh the concentration 
' the liquid solution separates out : that in the ease of 
"lutions of antimony in tin, or of ^-naplithol in naphtha- 
^He, a raising of the solidification point ensues; and that 
1 these cases the separated solid solution is of higher con- 
^Utration than the residual hquid solution. 

In the case of gases dissolved in solid bodies, the osmotic 
>reasure must evidently be equal to the gas pressure, e.g. 
.according to van't Hoff) when hydrogen is dissolved in 
palladium to form Pd^H. 

When a substance distributes itself in coustant propor- 
tion between a fluid and a solid solvent, the osmotic pressure, 
referred to equal volumetric concentrations, is equal in both 
lolutions ; which agrees with what van Bijlert foimd in the 
ase of solutions of thiophene in sohd and liquid benzol, 
'his matter will be reverted to in the next chapter. 

Mention must here be made of another circumstance. It 
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not infrequently happens with solid solutions that internal 
separations or depositions occur, which therefore stand in no 
relation to a transition from the li(j[uid to the. solid condition. 
Now Victor Rothmund (Zeits. /. phys. Chein., 1897, pp. 705- 
7 20) lias shown that these depositions are connected with altera- 
tions in the molecular condition of the solvent. This worker 
investigated the alteration sustained by the conversion point 
of a solid substance on the addition of another body soluble in 
the first one. The law enunciated by Eaoult for liquid solu- 
tions, that the relative reduction in the vapour pressure is 
equal to the molecular concentration of the dissolved sub- 
stance, was taken as a basis by Rothmund, who arrived at 
the result that — if the molecular weight is the same in a solid 
solution during both phases — the alteration of the temperature 
of conversion is proportional to the concentration of the dis- 
solved substance, but that this proportionality ceases if the 
molecular weights are different. Consequently the examination 
of the conversion products at different degrees of concentration 
affords a means of determining whether the molecular weight 
of the dissolved substance is the same in both modificationB 
or not. In calculating the molecular weight, however, it is 
of course necessary to take into consideration the latent heat 
of conversion of the solvent, instead of the latent heat of 
fusion 
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CONSIDEKABLE similarity exists between the pheuomena occur- 
ring during the evaporation of a liquid, or the liquefaction of 
a gas, and tlie solution and deposition of a solid body in and 
from a liquid. 

When a solid body is introduced into a liquid capable of 
dissolving the same, the former begiua — against the laws of 
gravitation— to distribute through the latter ; in other words, 
to dissolve therein. The process of solution continues until a 
state of equilibrium is readied, wliicli depends on the natuTB 
of the substances concerned and on the temperatiure. 

In the evaporation ot liquids, which proceeds in just the 
same manner, this condition of equilibrium is established when 
the partial pressure of the vapour present over the liquid ia 
equal to the vapour tension of the liqiud itself. Precisely 
the same applies to solution, inasmuch as here the equilibrium ' 
is attained when the osmotic pressui'e of the dissolved sub- 
stance reaches the same value as the tension of solution of 
the solid body, which in turn depends on the temperature 
and the nature ot the substances concerned in the reaction. 

This analogy becomes the more remarkable when the two 
phenomena are regarded from the molecular hypothesis stand- 
point (the inclusion of the phenomena of fusion and sohdifica- 
tion being also appropriate). It is a matter of common 
knowledge that moleciiles must not merely be credited with 
nutual attraction (which also makes itself apparent in the 
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gaseous condition, and is bonie in mind, for instance, 
der Waal's equation of condition), but it must 
tliat they poasens considerable [wwers of locomotion. The 
former depeoda on the average distance between the molecules, 
and increases cousiderably as this distance (liniinislieB (accord- 
ing to van der Waal, in inverse ratio to the ajuai'e of the 
volume), whilst the locomotive i>ower is dependent on the 
temperature and mass of the molecules. 

In the case uf a liijuid, the " internal pressure " due to 
the mutual attraction of the molecules is so great that the 
mean kinetic force of the molecules is no longer able to over- 
come it. As a matter of fact, however, this kinetic force ia not 
the same in all molecules, and indeeil varies between rather 
wide limits. If, now, such molecules as have sufficient kinetic 
energy encounter the surface of the h(]uid, they will over- 
come the internal pressure, or the surface tension, escape from 
the liquid, and move freely, in the same manner as gas 
i, in the overlying space. The number of molecules 
sufficient kinetic energy for this purpose depends 
entirely on the temperatiu'e. If the space above the liquid 
be ilhmitable, then the escaping molecules of vapour move 
farther and farther away from the liquid, others follow, and 
the evajKiration continues without interruption. The inevit- 
able conse(iuence of this is that the temperature of the liquid 
is reduced, since only such molecules ae possess sufficient 
kinetic enei^y, and therefore are of suificiently high tempera- 
ture, ai-e able to escape through the surface of the liquid. 
Hence the molecides left behind in the liquid move at a 
slower rate, and therefore have a lower temperature. This 
explains the latent heat of evaporation. 

If, oo the other hand, the overlying space is restricted, 
the molecules of vapour cannot escape. In such event they 
come in contact with the walls, or with other molecules of 
vapour confined in the same s]iace, and, being thrown back by 
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these, re-enter the interior of the hquid. lu this case, also, 
a condition of equilibrium must eventually be eatablished, 
namely, when the number of molecules escaping from the 
surface of the liquid is equalled by the number returned into 
contact therewith. The numl>er of the first depends entirely 
on the temperature, whereas the nimiber of the latter depends 
on the number of molecules of vapour per unit volume 
(volumetric concentration) and their velocity (therefore on 
tlie temperature also). 

If we now paaa to the consideration of the transition from 
the solid to the liquid condition, we must first distinguish 
between amorphous and cryataUine solid bodies. The former 
may be arranged in one series with liquids, inasmuch as a 
gradual transition between the two may be demonstrated ; 
the greater the internal friction of a liquid the more viscid it 
is, and therefore the more nearly does it approximate to the 
amorphous solid bodies. Conversely, however, amorphous 
bodies, such as glass, for example, which must undoubtedly 
be classed as solid, in the ordinary acceptance of the term, 
exhibit properties entitling them to rank along with viscid 
liquids. Thus a long glass rod supported at the two ends 
alone, will gradually bend and become crooked, its parts 
therefore obeying the influence of gravitation, like lijpiids do, 
though more slowly on account of the greater internal friction. 
This affords a very plausible reason for regarding the amor- 
phous bodies as Uquids of high viscosity, an assumption finding 
additional support in the circumstance tliat amorphous bodies 
have no definite melting point ; so that the transition from 
tlje liquid to the amorphous state may he compared with that 
of gases into liquids at a greater than the critical pressure. 

On the other hand, the crystalline bodies behave in i 
very different manner. In this case not only must a regular ' 
aiTangenient in the molecule be assumed to occur — in contrast | 
■^ the case of gasen, liquids, and amorphous bodies — but, and I 
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thiB is a matter of special interest to us, the transit 
the liquid to the solid state ie accompliBhed suddenly, i.*.' 
given jtressure also i^orreapoiida Uj a certaiu temperature At 
which the substaiice can exist in the liquid and the ciystalline 
state simultaneously. Heuee the transition from the fonnar 
condition to the latter must l)e classeil along with that of a 
vapour iuto the liquid conchtion, below the critical presBure. 

The analogy between the two changes of condition extends, 
however, still further. If a liquid that crystallisea on solidi- 
fying be left to cool gradually, it, as a rule, will not begin to 
deposit crystals when the normal temperature of soUdification 
is reached, hut becomes more and more viscid, and approaches 
the amoi'phous solid state. If, however, it he brought into 
contact with ever so small a quantity of the same substance 
in the crystalline state, it immediately solidifies in the form 
of crystals, the temperature rising up to the melting point, in 
cousequence of the disengaged latent heat of fusion (see the 
cooling curve for tin in Fig. 27, according to the observations 
of Eoberte-Austeu). On the other iiand, if crystalline matter 
be present from the start, no supercooling occurs, hut the mass 
will solidify in a crystalline form at the melting point, and 
the temperature will remain constant until this solidification 
is complete throughout. 

Vapours may also he supercooled just in the same way, 
but will condense immediately in presence of even a minute 
quantity of the same vapour in a condensed state. On the 
other hand, whilst liquids may also be superheated — in the 
absence of vapour — without vapour being disengaged, this is 
impossible in the case of crystalline solid bodies. 

A further similarity between the phenomena of vaporisa- 
tion and melting is the dependence of both the melting point 
and the evaporation point on pressure. Both temperatures 
rise as the pressure increases, provided the volume occupied, 
in the stable condition at higher temperatm-e, is greater than 
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that filled in the stable condition at lower temperature (which 
is invariably the case with vapours), whereas under converse 
circumstances they sink. 

' The elucidation of these phenomena from the standpoint 
of the molecular hypothesis has been clearly stated by Ostwald 
in the following terms : — 
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Fig. 27. 

In a liquid the molecules move irregularly past one an- 
other, and assume any relative position, without exhibiting any 
preference. A crystal of the same substance introduced into 
the liquid will liquefy if the temperature be above the melting 
point, since the kinetic energy of the molecular movement 
is greater than the force required to disintegrate the crystal. 
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If the tempemture be just that of the melting point, then 
both values will balance, and just as many molecules will be 
dissolved from tbe erystal within a given time aa it acquiies 
from the liquid, so that its total dimensioua remain un- 
changed. 

Finally, if the temperature be lower, then a smaller number 
of molecules will be dissolved from the crystal in a given time 
than it acquires, and consequently the crystal will increnBe in 
size. 

If, however, the liquid be allowed to cool out of contact 
with the crystal, there is no impulse given to regular aiTange- 
ment on the part of the molecules, and supercooling ensues, 
The kinetic energy of the molecules diminishes, they draw 
closer and closer together, and it may tlien hapjieii that, 
among the numerous collisions of the molecules, there occurs 
one that throws tliem just into the regidar and particularly 
stable condition necessary for the production of crystallisation. 
This gives rise to the circumstaucea under which the liquid 
crystallises sixiutaueously ; then ensues a r^ular deposition 
of molecules on the crystals so formed, inasmuch as the 
molecules that come in contact with the crystals in a suitable 
manner are retained, until the con8e(juent increase of 
temperature attains the melting point, at which point the 
number of molecules acquired and released by the crystal are 
equal 

If a crystal be introduced into the supercooled liquid 
previous to the commencement ot spontaneous crystallisation, 
the above - described procediu-e is repeated on that crystal ; 
and if the latter bo removed, no further inducement to 
deposition remains. 

The possibility of supercooling evidently depends, therefore, 
on the ease with which the molecules can a^icidentally slip 
into the position of regularity. Consequently liquids ot 
greater fluidity can ho much less readily supercooled than 
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those of a more viscous character ; and the lai'ger the c[uantityM 
of any given li([uid the more readily will crystallisation occur,^ 
since it is sufficient, for the commencement of cryatallisation^rB 
that the necessary molecular arrangement is produced at anyfl 
point in the liquid, and therefore the probability evidently ■ 
increases in direct proportion to the number of molecules ■ 
present, i.e. with the volume of the supei^cooled liquid. Thel 
possible extent of supercooling in one and the same bodyi 
therefore differs, and depends on the number of moleculM'J 
present. I 

The process of solution of a solid body, or the deposition. ■ 
of such a body from solution, constituteB an additional analogy. I 
If we admit that the dissolved boily possesses an osmotic I 
pressure corresponiling to the gas pressure, and ascribe to the I 
aohd body that is to be disaolved a certain " tension of solu- 1 
tion," depending on the temperature and the nature of thabfl 
body and the solvent, then e<juihbrium occiu's — i.6. the solu- ■ 
tion is saturated — when the osmotic pressure attains an equal m 
value witJi the tension of solution. Consequently super- I 
saturated solutions are on a parallel with supercooled liquids. I 

The explanation of the entailed phenomena on the basis I 
of the molecular theory is precisely the same as in the casea I 
of melting and solidification, for which reason we may again M 
quote Ostwald in tins place. I 

As the result of contact between a soluble substance and I 
its solvent, the possibility of moving freely is afforded to its 
molecules ; they pass into the solvent, and this continues 
until such time as the number of molecules leaving and 
acquired by the solid body are etjual. This evidently depends J 
on the number of molecules present in unit vulunie of the I 
solution, i.e. on the concentration. If the solid body come in I 
contact with a more highly concentrated solution, then a .1 
larger number of molecules will be retained by the former ■ 
than it emits ; the solution is " supersaturated," and the I 
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crystal grows^ If it be removed, the cause of the depoBitiDii 
ceases to operate, and the solution remainB supersaturated. 
The spontaneous cryatalliBation of a supersaturated eolutioD 
18 influenced by the same conditions as a supercooled melt. 

Natiirally, just the same applies to solid solutions' as to 
liquid solutions, and a certain motility of the molecules mmt 
also be ascribed to the former. 

From what has been already stated, the tension of solution 
of a solid Bubstanee towards a solvent is as great as its 
osmotic pressure in a saturated solution. According to van't 
Hoff, the dependence of the tension of solution on the tempera- 
ture is found from the eqiiation — 






"'). 



wherein L indicates the quantity of heat absorbed when 1 
mol. of the solid substance is dissolved under constant osmotic 
pressure of the solution saturateil at the temperature T. V 
is the volume of a mol. of the dissolved substance in the 
saturated solution, v' its volume previous to solution. 

Hitherto we have treated of the solubility of a single 
solid body in a single solvent ; it now remains to consider 
the behaviour of several solid bodies towards one and the 
same solvent, as well as the behaviour of a single solid body 
towards several solvents. 

The behaviour of several solid bodies, simultaueously 
present, towards one and the same solvent, may be of varying 
character. 

'The term " BQpcrsatnrated," tiowever, refera boUI; to solid substancu ot I 
deflnitu compoaition. Thus, if a, Bolutioa of sodium sulphate be cooltd down t< 
alowtemperature, hothNajSOj + THjOand Na^SO^ + IOHaO ci " ' 
thererrDrri, Nnw, aince tlie former aslt is far more soluMe than the latter, i 
is evident that a aohition can he prepari^d which, on contact with aolid I 
Na^SO^ 4- lOHjO, will crystallise immediately, and is therefore mipersatoratsd j 
with that salt, although still oapahle of dissolving aniall quantities of the mlt 
Na^O^ + THjO, and therefore not fuliy saturated with this latter. Tha H 
solution, howeTer, may be supersaturated for both salts by cooling it d ownM 
further. ' 
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Some bodies, when brought Bimultaneously into contact 1 
with a solvent, give a solution of definite composition at i 
given temperature, irrespective of the relative proportions in 
which they are employed, provided ouly they are present in 
excess. Examples of this clasB are afforded by the nitrates 
and chlorides of the alkali metals and ammonia, as also by 
ammonium chloride and barium chloride, sodium chloride and 
copper chloride, potaasium nitrate and lead nitrate, sodium 
sulphate and copper sulphate, etc. 

In other cases, again, the concentration of tlie resulting | 
solution varies according to the relative proportions of the 
Bubstances to be dissolved. Such substances either form 
definite double salts or are isomorphous, the two groups differing 
in behaviour, as shown by Ostwald. Thus if one of the two 
constituents of a double salt be dissolved in a solution of such 
double salt by the aid of heat, and then allowed to cryetallise, 
a diminished proportion of the other constituent will be found 
remaining in the solution. By repeating the process a 
solution of constant composition wdl finally be attained, 
containing a residual non-displaceable remnant of the salt. 
A similar result will follow the addition of the other con- 
Btituent salt in the same manner. Thus, instead of one 
solution furnished by the grouped substances of the first 
class, we here obtain two terminal solutions of constant 
composition, together with solutions containing all the inter- 
mediate proportions of the constituents. 

As a rule the actual displacement of isomorphous salta 
is complete if the solution be repeatedly treated with an 
ex;cess of one of the two salts in the warm, and left to 
crystallise out. 

With bodies of the first grou].i, oiiiuiibrium is established 
between osmotic pressure and the tension of solution of each 
dissolved body separately, and consequently a separate definite 
constitution of the solution must con'espond with each given 
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temperature. In the cases of bodies entering into mutual 
combination, equilibrium is established between the possible 
compound and the constituent present in excess ; hence there 
must be two stable conditions of equilibrium, corresponding 
to the three eventualities, that either one or the other, or 
neither, is in excess. Finally, with isomorphous bodies, any 
given constitution of the mixture of imdissolved substances 
has its own particular condition of equilibrium, and therefore 
also a definite composition for the concentrated solution. 

The distribution of a substance between two solvents of 
low mutual solubility proceeds in accordance with the follow- 
ing laws, the term " coefficient of distribution " being applied 
to the ratio of the volumetric concentration of the substance 
in the two solvents after the establishment of equilibrium : — 

1. If the dissolved substance exhibit the same molecular 
weight in both solvents, the coefficient of distribution is 
constant at the given temperature, and therefore the osmotic 
pressure in the two solutions if the volumetric concentration 
be equal. 

2. If several dissolved substances be present, each separate 
class of molecules will be distributed as though alone. 

3. If the dissolved substance be in a state of dissociation, 
and not in a uniform molecular condition, law 1 will apply 
to each of the classes of molecule resulting from the dis- 
sociation. 
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DIFPUSION 



It has already been stated that a Bolid body, in passing into ' 
solution, is distributed uniformly through the solution, con- 
ti-ary to the laws of gravitation ; the same is also true when 
two solutions of different degrees of concentration are placed in 
contact, and it may be stated tliat, in general, dissolved sub- 
stances wander from positions of higher concentration to those of 
lower concentration. This phencnienou is termed " diffusion." 

Osmotic pressure is evidently the motive power by which 
diffusion is effected, and the process itself corresponds exactly 
to what happens in the course of equahaing differences 
of density in the case of gases, the only point of difference 
being the rate at which the processes are carried on, the. 
higher internal friction in the case of liquids rendering the 
operation much slower than with gases. 

Now, since the differences in osmotic pressure are pro- 
portional to the pressure of concentration, the rate of diffusion 
must also be proportional thereto (Fick's law). Tlie quantity 
of dissolved substance that will pass through unit sectional 
area in unit time at a given temperature, when the difference 
in eoncentratiou between two sectional areas, situated at unit 
distance apart, is taken as 1, is termed the "coefficient of 
diffusion." This value depends on the nature of the solvent 
and tlie dissolved substance, increases with the temperature, 
and apparently changes with the concentration. 
5 
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The cnetficient of diffuaiou being known, and also the 
osmotic pressure, the frictional resistance K can be calculated 
1>7 the fnnmik — 



LOO 
K= -j-^ X 10" (H 



0'00367 



(Nemst, Zeits./. phys. Chem., 1888, vol. ii. p. 613). 

In this manner it is found, for example, that the dia- 
plaeement of 1 mol. of saccharose (342 grms.) at a velocity 
of 1 cm. per second, in its aqueous solution, at 1 8° C, reiiuirffl 
a force of traction etpial to i,700,0O0,00O kilos. 

From tlie rate of ilift'uaion of dissolved bodieR, and the 
mean velocity of tlieir molecules, « (in accordance with the 
kinetic theory of gases), Eiecke deduces the dimensions of 
their mean free ]iath traversed (in mm.), and finds — 
3D 
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Now similar phenomena of diffusion appear also in the 
ease of metallic alloys, and we will therefore consider certain 
of them here, although — -so far as iron is concerned — ^they will 
be more fully dealt with in a later section. 

The question has often been posed why it is that a 
uniform mass results on cooling, when two metals liave been 
fused together, or a fresh metal lias been added to an existing 
melt consisting of two or more metals. For instance, if a 
few kilos, of ferromanganese be ailded to 10 tons of molten 
iron in a converter, the resulting ingots will be of fairly 
uniform composition. It is true that partial spontaneona 
separation may disturb the uniformity of distribution in each 
individnal ingot, to a certain extent, but the percentage of 
manganese in each ingot will be approximately the same 
throughout. This uniformity cannot be entirely due to the 
mechanical movement of the molten mass within the con- 
verter, and we are therefore constrained to attribute a certun 
power of motility to the molecules of metal. This applies 
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to a uuiiiljer of alloys, and in studying those molecular i 
meiits it will be preferable to select such alloya as do not 
Buffer disturbance, in ]W)i!it of uniformity of distribution, 
through the iiiHuenw of Bpontaiieous separation. Graham 
has shown that this molecular motility, in the case of saline 
solutions, increases considerably with the temperature; cunae- ' 
quently. in investigationa of tliis kind, partic^iilar attention , 
must be paid to the temjrerature at wliioh the diffusion occurs. 
On this point a series of very interesting reBearches has 
been published by Tioberts-Austen (Phil. Trans. Royal Soc., 
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, clxxxvii. A., p. ^iSS), which may be briefly recapitn-; 
lateii here. This worker inserted the different metals under J 
examination into the bottom of tubes filled with molten ] 
(the tubes being heated to 500" C for twenty-four hours, side 
hy side). The results of the experiment are plotte*) in Fig. 
28, the strips marked I't and Au showing tlie actual dimen- 
sions of the two lead cylinders. The inscribed circles repre- 
sent the quantities of gold and platinum found in the different 
sections of the lead cylinders after solidification. The adjacent * 
curves relate to the path traversed during diffusion, 
dinates, and the concentration, as abscissre. 
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The following table gives a view of the results obtained : — 



DiffuHinjf Metals. , Solvent Metal. 


Temperature, 
C 

492 


Relative 
DiffnmbiUty in 
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Gold . 


• • • 


Lead 
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3-00 


»> • • 
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Bismuth 
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Tin 


555 


4-65 


Silver . 
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4-14 ; 


Lead . 










>> 


555 


3-18 



It is thus evident that gold and bismuth diffuse more 
rapidly in tin than in the heavier metal lead. 

Other experiments have shown that a measurable degree 
of diffusion occurs in solid as well as in molten metals. It 
is certainly noteworthy that gold, when placed under a 
cylinder of lead, 3 inches in height, and exposed to a 
temperature of only 200° C, i.e. far below its fusing point, 
should dififuse in considerable ([uantity as far as the top of 
the cylinder within three days. Even when the lead was 
heated to only 100° C, the gold diffused in measurable 
quantities, though 100,000 times less than in molten lead. 

The diffusibility of one metal in another is therefore 
quite as measurable a (quantity as electrical conductivity. 
The figures in the final column of the foregoing table give 
the number of grains of diffused metal traversing 1 sq. cm. 
of tube section in twenty-four hours, when the difference in 
the content of the resulting alloy reaches 1 grain per c.c. for 
each 1 cm. of longitudinal distance. The coefficients of 
diffusion are found by multiplying these figures by — 

15-43 



24x60x60 



= 0-000178. 



DIFFUSION 69 

With regard to the mutual diffusion of solid bodies, it should 
be mentioned that this power has long been known and 
utilised for industrial purposes : for example, the penetra- 
tion of carbon into solid iron during the cementation 
process. 



CHAPTER X 

ELECTRICAL CONDUCTIVITY: CONSTITUTION OF 
ELECTROLYTES AND METALS 

In point of electrical conductivity a sharp distinction may be 
drawn between electrolytes and metals, the conduction of the 
electric current resting in the former case on a conveyance 
of material, whilst this is not so in the case of metals. 

Pure hydrochloric acid gas is just as poor a conductor 
as pure water, whereas an ac^ueous solution of hydrochloric 
acid forms a good conductor, free chlorine being then 
deposited at the positive pole (anode) and free hydrogen 
at the negative pole (kathode). Now this can only occiu: 
when the chlorine in the solution travels in one direction, 
and the hydrogen in the opposite direction ; and the simplest 
explanation is afforded l)y the assumption that the electrolyte 
consists of parts of different polarity, i.e. of molecules (also 
called " ions ") laden with positive, and others laden with 
negative, electricity. The electric (galvanic) current is then 
set up by the positive ions (kathions) wandering in the direc- 
tion of the positive current, and the negative ions (anions) in 
the direction of the negative cuiTcnt. 

This asHumption finds unportant confirmation in the 
previously recorded oljservation that tlie osmotic pressure 
of dissolved bodies is frequently — and especially in the case 
of aqueous solutions — greater than would result from the 
molecular weight calculated from the chemical formula, thus 
proving that a partial, and more or less complete, dissociation 
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of the dissolved substance actually occurs in such aolutions. 
Moreover, it is found that just those substances, and those J 
only, that are capable of conducting the electric ciuTent in I 
their aqueous solutions, stand under higher osmotic pressure I 
than is furnished hy calculation from the molecular wei 
in the gaseous condition ; that the electrolytic conductivity ^ 
increases with the degree of dissociation calculated from the 
osmotic pressure ; and that the suhstances that are good ' 
conductors when in a state of aijueous solution, sufi'er i 
diminution of this property with the disappearance of the 
abnormal osmotic pressure when they are dissolved in other 
solvents. 

Acconling, therefore, to our hypothesis, an aqueous 
solution of hydrochloric acid is decomposed in conformity with 

the equation HCl = H + CI, and an aqueous solution of sodiimi 

+ + - 
sulpliate as follows — Na^HOi = Na + Na + SO^. 

Helmholtz assumes the existence of two elementary 
electrical particles ® and © (positive and negative electrons), 
of which those of like character repel each other, whilst those 
of unlike character attract one another. Accoi-ding to this 
view, we shouhl have to regard the free ions as electron 
compounds. In the first case we should then have — 

H® +010, 
but in the second case — 



>Na© + Nae + SO,( 
® . , 

The case is entirely different with metals, the electrical ] 

conductivity of these being generally far superior to that of 
the best conducting electrolytes at the ordinary temperature ; J 
in fact it would appear from recent researches that metallic i 
conduction may attain leally enormous proportions in the I 
vicinity of absolute zero (where eleetralytic conductivity is ' 
inaperccptibly minute), whereas at higher temperatures (at 
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which electrolytic conduction is exoelleut) that of metaU 
gradually diminishes. Moreover, as already stated, theie 
exists between the two the cardinal difference that the 
conductivity of electrolytes rests on the conveyance of matter, 
which cannot he detected in the case of metals. 

The tendency at present is to favour the view that metala 
contain electrical particles which (in contrast to the ions) are 
devoid of mass, and the migi^ation of which effects the conduction 
ot the electric current. The excellent conductivity exhibited 
by many metals leads to the assumption that these contain 
a very lai^e number of such particles, an opinion supported 
by the fact that matter in the metallic conchtion is of high 
density, i.e. that the presence of numerous electrical particles 
produces considerable electrostriction. Under the hypothesis 
of electrical atoms devoid of mass, we should then have to 
regard the metals as solutions of electrical matter (ether?), in 
which the dissociation © 9 = © + has assumed consider- 
able dimensions. A support of this view could probably be 
found in the extraordinary conductivity of the metala, this 
being analogous to the increased conductivity of the gases 
in a state of dissociation. 

According to 0. Liebenow,' the electric conductivity of 
alloys promises to fm-niah valuable information as to their 
constitution. The foundations ot his theory are as follows : — 

The conductivity of an alloy, calculated from the propor- 
tion and conductivity of its componeuts, is geiicntUy greats 
than that actually oljser\-ed, because of the thermo-electric 
counter currents set up by the electric cui'rent between the 
various constituents of the alloy 

For the sake of amiplicity we may unagme the alloys as 
composed of alternate supeipoaed plates of the compouenta, 
If this mass be then traversed by an electric current, the 
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surfaces of contact will exhibit I'eltier effects, i.e. will be 
alternately heated or cooled, the alloy in such event repre- 
Benting a thermopile, the electromotive force of which acts in 
opposition to the current. Moreover, it is clear that this 
counter current must be proportional to the strength of the 
current, bo that the alloy appeara to exert an 
resistance. 

Hence the specific comliictivity of a metallic alloy can be 
expressed by^ — ■ 

Co(l+7/) = Ao(l+a/) B, (1+/30, 
wherein A^ represents the actual reaistance at zero C (calcu- 
lated according to tlie law of mixtures), B^ the thermo- 
electric coimter energy, and C,, the resistance actually 
observed, a, /3, and 7 are cneflicients of temperature. 

Now the coefficient for most of the pure metals is 
0-004 (approximately the same as the coefficient of ex- 
pansion of gases, 0'003663), ie. the resMance of most piue 
metals increases in proportion to the absolute temperature. 
On the other hand, the opposing thermo-electric energy alters 
but very slightly with the temperature, so that the value 
may be substituted for (3. 

From the above, Liebenow draws the following eon- 
cluaions ; — - 

1. As a rule, provided Bo possesses any considerable 
value, the specific reaistaneo of an alloy will be greater than 
that calciUated from the components ; on the contrary, the co- 
efficient of tenipei'flture will be much less than that of the 
pure metals. 

2. On the other hand, in metals that are tliermo- 
electrically indifferent B,, is small, and in tJiis case the specific 
reeistanee can be calculated from the components ; the co- 
efficient of temperature of such alloys is just as great as 
that of the pure mctala. 

If the niixin" of the metals reault in the formation of 
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a wmiwund, and if the proportions of the componente be || 
selected bo hb to corresjtond witli the couipoaitiou of that u 
compound, then By necessarily diBap[>earH, and the (.'iiellicient 
of tempemturo becouies atjuiil to that of the pure inelaU. 
The preuence of an excess of either of the ramponents would 
caiise Bg to assume an appreciable vahie, which must be 
attended Ijy a reduction in the cxfeflicieutB of tenii>erature. |j 

The i-esietance curves of metallic alloys (refen-ed to the | 
resistaiices as ordiuatos and the volume-percentage coiiipoaitiou 
of the alloys as ahscisaie) are parabolit;, llie axes ruuuing 
parallel to the ordinates ; consequently the resistance increases 
from the pure inetala up to the point of equal volume- 
percentage, whilst the coefficients of temperattire follow the 
opposite course. 

From the remarkably low coefficients of temperature of 
liquid mercury, Liebenow (Zeits./. Jilektro-Chnw., 1898, vol. iv. 
p. 515) drew the highly interesting conclusion that the 
metal in this condition constitutes an alloy of the inonatomic 
molecules of mei-cury vapour and the polyatomic solid metal 
This assumption tinda important support in the fact, dis- 
covered by W. von Siemens, that small metallic additions 
(less than 1 per cent.) to mercury increase its conductivity, 
whilst larger additions have the reverse effect ; also in the 
relation between the coefficients of temperatm'e and the 
i-esistancea of solid and lic|uid mercury ; in the diminution of 
the coefficient of liquid mercmy as the temperature is 
reduced ; and by the ])osBibility, discovered by Unmmacb, of 
obtaining solid niercuiy with liighor resistance and smaller 
coefBcients of temperature than it exliibits under ordinaiy 
conditions. 

A close connetition exists between the conductivity and 
the opacity of metals. On this point Nerust states : " We ate 
unacquiiinted with any non-metallic bodies that require to be 
reduced to such thin Ijivers as is the eaau witli metals, liefore 
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jming transparent. From the standpoint of the electro- 
petic theory of light the optical opacity of the metallic 
iition must be ascribed to the circumstances that — in 
srast to electrolytic conductivity, where the connection of 
tricity is inseparable from that of matter, and therefore 
lesses appreciable inertia — the metals also behave as good 
luctors of electrical vibrations of the high velocity ex- 
ted by light waves." 



CHAPTER XI 

THERMAL EXPANSION 

It has been found by H. Le Chatelier {Bull. Soc. d'JSncour., 
1895, p. 569) that the maxima of the fusing-point curves of 
metallic alloys do not invariably correspond with that com- 
position of the alloys which would coincide with the definite 
chemical compound to which the maxima in question are 
ascribed. Van der Waal (Archives dcs Sciences nederlan- 
daises, 1899), who confirms this observation, proceeds from 
the law of phases established by Gibbs, according to which 
the composition of the liquid portion of the solution must be 
equal to that o.f the deposited solid body, up to the maximum 
of the fusing-point curve. The contradiction between theory 
and experience also disappears immediately when it is 
assumed that — starting from the definite chemical compound 
— the composition of the deposited solid continually changes 
in accordance with the composition of the solution, i.e, that 
the deposited solid body behaves as an isomorphous mixture, 
or, in other words, that tlie deposition is that of a solid 
solution. 

In such ciises it is necessary, in order to obtain more 
complete information on tlie constitution of alloys, to have 
recourse to other observations in addition to the determina- 
tion of the fusing-point curves or the points of recalescence ; 
and for this purpose Le Chatelier {Com2)tcs Bendtcs, 12th 
June 1899; The Mdallogrcvphist, 1899, ii. p. 334) recom- 
mends, in addition to the examination of the microstructure, 
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the measurement of the electrical conductivity and the 
thermal expansion. 

The value of the first-named determination in ascertain- 
ing the constitution of alloys has been discussed in the 
preceding chapter ; the measurement of the thermal expansion, 
however, gives the following indications : — 

If an alloy be formed of the alternate juxtaposition of two 
kinds of definite compounds, or, for example, of one such com- 
pound and a pure metal, then the expansion must necessarily 
remain within the limits of the expansion of the components ; 
if, on the other hand, the alloy exhibit an expansion deviating 
therefrom in any considerable degree, a solid solution is present. 

Le Chatelier selected for his experiments the alloys of 

copper with antimony or aluminium, because these exhibit 

very decidedly the above-mentioned anomalies of the fusing- 

point curves. The results of these experiments are given 

below, it being premised that the composition of the alloys is 

expressed in equivalents of copper per 100 equivalents of the 

mixture : — 

Copper-Antimony Alloys. 



Percentage Equivalents of 
CJopper. 


100 
16-3 


95 


90 


85 
20 


80 


57 


•JS 


1 

10 i 

1 


10«x Expansion® 63'' C. 


19-2 


20-2 


19-2 


14-5 


11-5 


1 1 

9-1 10 



I'he expansion of the alloys rich in antimony is uncertain, 
because the expansion of antimony crystals is very unequal 
in difiFerent directions. 



Copper-Aluminium Alloys. 



Percentage Bquivalents of 
Copper. 


100 
16-4 


91 
16-3 


75 


60 


50 

15-8 


33 
16-2 


30 
20. 


10 
21-9 




24-6 


10« X Expansion @ 63° C. 


16-5 


157 
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The definite compounds in these two series have the 
following atomic composition r — 

Cojtpp.r-Avtimonij Allo>/it. 

Cu 80 i)er cent KbCu^. 

Copjier- Aluminium Alloys. 
Cu 75 per cent. .... AlCug. 
Cu33 „ .... ALCu. 
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The foregoing results are displayed bj the graphical 
method in Fig. 29, whilst Fig. 30 represents the fiising-point 



THERMAL EXPANSION 



791 



eurvee of these alluys, A compariaun of the two figures showB 
that the fusing-point maximum of the copper-antimooy alloys 
correspondB to a maxiiaum expansion considerably in excess 
of pure copper, or of the compound SbOu^. Couaetjuently 
the alloy corresponding to both these maxima cannot be con- 
ati'ucted of alternate crystals of C'u and SbCun. but must 
represent a solid solution. 

In the copper-aluminium alloys, the compound AlCug 
con-esponds to a maximum of the fusing-point curve, and of 
the curve of expansiou, and therefore exhibits no anomalies. , 
On the other hand, the compound Al^Cn (33 per cent. Cu) 
does not coincide with a maximum in either curva The ( 
nearest maximum in the fusing-point curves corresponds to 
the alloy with 30 per cent, of Cu, and the curve of expan- 
sion exhibits between 33 and 30 per cent, of Cu a steep 
ascent which also points to the existence of a solid solution 
in this case. 

If these <leductiona be correct, the microstructural exami- 
nation and the determination of the electrical conducti\'ity 
must also lead to the same results. No results on this point 
are available in .the case of the copper-aluminium alloys ; but 
for the copper-antimony alloys, Kamensfcy * found a maximum 
of electrical conductivity ; and Stead,* homogeneous stnicture ; 
with 80 per cent, of copper, i.e. in the alloy that exhibits the 
highest fusing point and the largest coefficient of expansion. 



Other physical properties of the metallic alloys have 
hitherto scarcely been brought under consideration with a 
view to the elucidation of their constitution ; consequently 
brief reference thereto will suffice. 

The volume of the alloys is in some cases equal to the 



' Phil. Mag., 1884, Tol. xtH, p. 270. 
* Jiturw. Soc. Chem. Jnduat., Slat December 1 
189B, ii. J). 314. 
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sum of the volume of their components (gold-copper alloys, 
antimony-bismuth alloys, etc.), in others smaller (copper-tin, 
silver-gold), in others again larger (antimony-tin, tin-cadmium, 
cadmium-lead). 

The specific heat of alloys vaiu, according to liegnault,^ 
he calculated from that of their components, by the additive 
method ; this, nevertheless, also applies to solid compounds. 

The heat of mixture is frequently very considerable, e.g. 
in the case of the conjoint fusion of copper and zinc, the 
production of sodium amalgam, etc., and in fact sometimes 
so great as to lead to incandescence. 

1 Ann, Chim. Phys., 1840 (2), 73, p. 5. 
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CHAPTER I 



GENERAL 



The immediate object of the microscopical examination of 
metals and alloys is the determination of their microstructure, 
and to discover the connection between this and the other 
properties of the metal under examination. It was, however, 
soon recognised that this microstructure depends not merely 
on the chemical composition of the alloy, but also on the 
method of production and treatment; and consei^uently the 
aims of micrography were enlarged to include the connection 
existing between the production, treatment, and structure of 
alloys within the scope of research. These investigations are 
of the widest importance, inasmuch as they not only often 
reveal the way in which the alloy under examination has 
been prepared and treated, but also frequently afford indica- 
tions as to the most siutable methods of production or treatment 
for a particular puiiiose, and as to how certain defects in the 
material or method of treatment can be obviated. 

Osmond, one of the most noted workers in this branch 
of science, compares the various tasks of the microscopy of 
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metalB with the ditferont brancheB of the nstiu'al 
(anatomy, histology, hiology, and pathology), and stalw 
{Baumaterialkunde, ii. p. 63) that the investigation of the 
metals naturally falls into a numher of aiibdivisiona, just at 
in the case of medical science, so that we can tberafore 
speak oE anatoraico-histological, biological, and pathologic&l 
metallogi'aphy. 

The foremost is concerned with the differentiation and 
determination of the various components of an alloy. This 
is effected by determining the optical properties, such as 
colour and lustre, the chemical peculiarities {e.g. behaviour 
towards re-agents, formation of superficial films), and the 
mechanical properties (e.g. resistance to wear and fracture); 
in addition, an examination is made of their form, whether 
ciystalline or not, their absolute and relative dimensions, the 
parts exhibiting the minimum of cohesion (surfaces of contticl 
and fissure), either separating the particles from each other, 
or each tor itself. 

The second part investigates the modification sustained 
in point of composition, form, dimensions, and mutual rela- 
tion, by the different components found in a specimen in 
normal condition, when subjected to various methods of 
treatmeut, whether by mechanical influences or heat, in the 
course of manufacturing or using the alloy. 

Finally, the thmi part is concerned with the study of 
defective treatment of the material, and extraneous admix- 
tui'es, which develop special peculiarities therein. This 
braneli of metallography often enables the reactions elucidated 
by suitable preliminary investigatious to be utilised in solving 
problems arising in the course of daily practice. 

Having spoken of tlie maladies of metals, it becomes our 
task to perfect, as completely as possible, the remedies by 
which these defects may be removed, in order that in this 
manner the solidity and durability of our edifices may ha 
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ensured. In the attainment of this object, tiietallography 
oft'ers a new method of investigation, the appliances of which | 
ate daily hecoming more perfect and the advantages more 1 
apparent. 

So far as concerns the microscopical examination of the 
metals, a complete description of all the methods, instnimenta, ' 
and appliances nsed for this purpose would exceed tho limits i 
of the present work. For onr purposes a brief review of ' 
them will be sufticient : this is, however, iudispensable in 
order to enable those who have not been personally engaged 
in similar investigations tu suitably appreciate the resulta 
obtained. 

Fractured surfaces are unsuitable for the purpose of 
microscopical examination, since on the one hand they only 
bring into view the parts exhibiting a minimum of cohesion, 
and on the other hand their irregularity precludes the em- J 
ployment of any but very low powers (ordinary hand magni- ] 
tiers). 

Consequently the examination has to be conducted on 
cut and polished surfaces, and it is advisable to examine both 
the surfaces exposed by the cutting. For information as to 
the various kinds of apparatus used for cutting and polishing, 
the reader must consult the special literature on the subject. J 

The simplest method of procedure is as follows : — | 

Lumps of the metal or alloy, measuring 1—2 cm. in 1 
breadth, are separated from large eastings, forged, or rolled ] 
pieces, by chipping or sawing. These are next tiled down I 
into discs, 1—3 mm. thick, with parallel surfaces, which are 
mounted for polishing by cementing them on to glass, or 
soldering on to zinc or brass plate. (This latter, however, 
prevents the formation of superdcial colorations.) In the i 
ease of hard cast iron, tine crystalline white iron, ferro- 
tungsten, terrochrome, etc., it is necessary either to break ^ 
o8' suitable tiat pieces with a hammer, or saw them oH' by 
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means of emery am] a snft steel (Ust;. In grinding tiaa 
plates (0'5 mm. and under) the cementing material ia a 
source of much difficulty, and tlie following cement will be 
found to give tlie beat results: — Shellac melted with half its 
own bulk of soft Canaila balsam, the mass rolled into sticks 
of about ^ cm. diameter whilst still soft, and these used in 
the same way as sealing wax. 

The cut surfaces must then be pohahed, for which opera- 
tion no general rules can very well be laid down. Hough 
grinding is liest effected with a hanl cast-iron disc, revolving 
on a vertical axis and strewn with emery ^lowder, the ordi- 
nary commercial form being employed at first, and afterwards 
succeeded by fine, levigated emery. It is necessary to care- 
fully wash the specimen of metal before each chaage to a 
finer gi-ade of emevy. At the Mechanico-technical Laboratory, 
Charlottenburg, a machine constructed by 11. Fuess of Steg- 
litz, near Berlin, ia used for this pm'pose. 

Dry gi'inding should be avoided, since, in addition to 
other unpleasant defects, it produces blue colorations on the 
aui'face of the metal, and the parts so affected continue to 
behave in an abnormal manner when etched, even after 
haviug been repeatedly cleaned with leather and tin aah. 

According to H. Behreiis, the tine grinding is effected 
fine ground glass with the finest emery, the latter havii^ 
been previously ground in a httle water with a glass 
porcelain muller imtil no further noise is audible. 

Polishing ia performed with the finest rouge or tin oi 
(both strongly calcined and ground till noiseless), mixed with 
water, two methods being employed. 

Ordinary flat polishing is effected on a iHhc of plate 
or agate, a high lustre being liest obtained by dry pohshing 
on glass or agate. In this event the hardest parts of the 
structure are revealed by their brighter sheen. 

The second metliod is that of polishing in relief. It con- 
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aifita in completing the operation on a soft pliant backing, I 
90 that the different components will be removed to a differ- 
ent extent, and the hardest will stand up in relief. If the 
constitiieuts iliRer considerablj in their degi'ee of hardness, 
the Htruetui-e will be detected under the microscope, without 
any further treatment being required. Tliis raetliod forms a 
useful means of deteriiiining tlje ralative hardness of the 
constituents. A suitable baekiug for relief -polishing is afforded 
by a block of soft wood, over which is stretched a piece of 
wetted parchment. A small quantity of jewellers' rouge is 
used for the polishing. A third method of polishing by etch- 
ing is described below. 

In order to bring up the relief in a particularly decided 
manner, H. Behrens giiuds the specinieu with emery and 
water on a ground glass plate until a tine matte surface has 
been produced, and then, after rinsing, polishes for a short 
time with tin ash and a very little water, on wood. By the 
action of the gianular grinding materials, the softer and more 
crumbling particles are most attacked, and the brief polishing 
acta merely tin the parts in relief, which it brings more 
prominently into view by their increased lustre. 

In flat polished specimens, and also in those polished in 
relief, when the differences in the hardness of the constituents 
are not sufficiently accentuated, difficulty is experienced iu 
differentiating the comptjnents under the microscope unless 
they are differently coloured. To render them more clearly 
apparent, the polished sm-face is subjected to certain chemical 
and physical treatments, which diH'er with the nature of the 
materials. The chief among these processes ai'e etching and 
coloration. 

Wedding advises tliat, previous to etching, the jiohslied 
surface of metal should be brushed over whilst immersed in 
chloroform, and then cleansed with alcohol and ether. This 
method, however, sutl'eis from the defect of over - rapid 
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ovfiiHivntioTi, tlie rfRitlt nf wliich ia tliat, despite tho utmost 
care, there freqiienLly reniaiu behind on tlie surface of the 
metal streiikB and rows of grease spots. Moreover, tbe 
rapid e\'aix)ration of alcohol and etber pi-oducea condensa- 
tion of atmospheric moisture, which, if not evaporated in h 
uniform manner, may also give rise to disturbances of the 
experiment. For these reasons both Behrens and Storby 
accord the preference to rubbing with dry polishing materials, 
Buch as tin ash or Viennese lime, distributed on a rag or piece 
of tine-grained wood. In using I'ags or pieces of cloth, care is 
necessary, since fragments of soap may be conveyed to the 
surface of the metal, and, with the assistance of moisture, 
produce most siirprising streaks and tufts when the specimen 
ia etched and coloured. Even the use of fine leather requires 
the exercise of care, both chamois and glove leather some- 
times containing a large proportion of fat. Nevertheless, it 
may be very iiseful after rubbing with tin ash or Viennese 
lime. 

Two purposes are served by etching : either merely the 
different attackable jmrts are to be rendered visible, or the 
individual constituents acqmre different colorations. The 
first eventuality chiefly happens when the constituents are 
so small as to be undiatinguishable, even under the micro- 
scope. The irregularities produced in the surface by the 
action of the etching reagent cause the decomposition of the 
reflectetl light ; and in proportion as the etching is deeper, 
yellow, brown, blue, and black shades appear in successiou 
(in normal light), without, however, representing any actual 
coloration. 

The reagents employed for etching frequently consist of 
very dilute acids, Osmond recommends dilute nitric acid, its 
action being the more rapid the harder and more impure the 
metal. Dr. Sorby also etches with very dilute nitric acid (one 
volume of 50° B. acid and four of water) for a few seconds. 
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one minute at moat. If the etching is insufficiently strong, 
he dips the specimen in the reagent for another five to ten 
eeconda, and repeats this operation until it is etched enough. 
After each immersion the specimen must he examined under ■ 
the microscope. Wedding advises hydrochloric acid (1 : 100), 
and both this worker and Martens recommend hydrochloric 1 
acid diluted with alcohol or ether ; however, in the latter [ 
event, the ground specimen must he moved up and down on . 
a platinum gauze, the access of air heing prevented by an 
elastic cover attached to the handle of the gauze, 

H. Hehrens recommends nitric acid of specific gravity 1"3 
for preliminary experiments, on account of its clean and rapid 
action. According to this worker, the relief produced by the 
Wedding pi'oceBS is so slight that the detection of any struc- 
ture is difficult, even when the specimen is held in a slanting 
direction towards the light. In this case the coloration ia 
the principal thing, the etching, which alters the polished 
surface in accordance with the structure, being only a pre- 
paratory procesa It is undeniable that very minute details 
of the structure can be rendered visible in this way ; hiit it 
must not be foi^otten that gi-eat care is necessary. It is 
better to carry the etching somewhat furthei', eifect the two 
operations side by side, and compare their resiUts. The 
pictures do not always entirely harmonise, the etching usually 
giving more detail and sharper outlines, 

"Vhe etched plates must he immediately washed in a large 
volume of water, then in alcohol, and dried on filter paper. 
The best way to complete the drying without risk of oxida- 
tion is by means of a current of air discharged under pressure. 
If, as often happens, the picture be lUmmed by a film of 
carbon produced during etching, it is dried by applying soft 
linen cloths. 

Albert Sauveur adopts the following method of etching : 
— The specimen, properly ground and fixed in position, is 
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placed iu concentrated nitric acid (ap. gr. 1'42), which, 
eonsequence of the resulting paaaivity of the iron, exerts little 
or no action on the polished surface. The Bpecimen is then 
placed under a strong current of running water, and the acid 
washed off completely witii care. Immediately the layer of 
concentrated acid in contact witli the surface is diluted by the 
water, it attacks the ateel ; at first the action is very power- 
ful, but, as the water soon removes all trace of tlie acid, the 
reaction lasts such a short time that all risk of over-etching 
ia precluded. This method of treatment develops the etching 
sharp and clear, and the etching is imiform over the entire siu'- 
face, without any formation of disturbing coloured films or 
inequalities in the appearance of different parts of the polished 
surface, such as produce deceptive results when dilute acid is 
used. Oftentimes it is necessary to repeat the etching in 
order to render the development of the structure more clearly 
defined, but more than a secontl immersion ia seldom required. 
The specimen is then washed with alctihol, and quickly dried 
with a soft cloth, or, prefei'ably, in front of the jet of a blower, 
wheu the latter is availalda 

An excellent method of etching with iodine tincture has 
been given by Osmond,^ and furnishes very good results. It 
consists in pouring over the surface of the specimen one or 
two drops of iodine tincture (one drop per aq. cm.), and leav- 
ing the same to act iintil it loses its colour. The surface ia 
then washed with alcohol, and dried quickly with a soft cloth 
or in fi-ont of a blower. Sauveur prefers iodine tincture 
diluted with an equal volume of alcohol. Frequently this 
operation must be performed twice, or even more, in oMer to 
obtain a satisfactory etching. This treatment with iodine 
tincture is particularly advisable when it is desired to bring 
out the finest details of the atnicture (as in the case of the 

' " Mitlioile ginira.h pour Vanalyse raicrograpWqne des 
Bull. Son. EiicifiiraQcmeiU, May 1895. 
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tender scales of pearlite), whilst for examinationa with low 
powers the nitric acid method is more ett'ective. 

Osmond bas also given another special method of etching, 
which consists of a combination of the opei'ationa of polishing , 
and etching, the metal being polished with Vienna lim^ ' 
(gypsum) and liquorice extract, on a l>acking of jiarchment. 
F. Osmond and G. Cartaud' recently recommended, for etch 
polishing, the use of a aolutiou nf two parts of crystallised 
ammonium nitrate in 100 parts of water. The parchment, 
stretched over a block of wood, is soaked with this solution, 
aud the polished surface of the si>ecimen is ground therewith 
until sufficiently etched. Shoidd the paralmient become dry, it 
may be moistened with a httle water. The efl'ect is just the 
aame as that of liquorice extract. 

As we shall see later on, the typical structure and the 
nature of the micrographic constituents of steel vary with the 
temperature. It therefore seemed of interest to also ijerform 
the etching process at higher temjieratures, for which purpose 
Saniter employs fused calcium chloride as the etching fluid. 

A second method for rendering the several constituents , 
of a metal clearly visible consists in producing on the surface 
of the metal a firmly adherent patina, which, though too thin 
to possess any colour of its own, nevertheless exhibits, by 
reflected hght, colorations that vary according to the thick- I 
ness of the layer. As these colorations do not show up at all ' 
on non-oxidiaahle metals, and not concurrently on metals of 
diflerent degrees of oxidisability, this method of investigation 
is frequently employed. It furnished Martens with the 
beautifid figures on spiegeleiseu that illustrate his firet report ' , 
aud form one of the first successes of metallography. I 

^ The metal in question consisted of two components, a carbide ' 
Htf the definite composition (FBMn)3C, aud a solutiou of wtvbon 



, lS/8, Platca 24 and 25. 
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(or carbide) in the remainder of the alloy. The oxidiaability 
of the carbide is relatively small, and exposure to a certain 
temperature for a given time produces, for example, a yellow 
coloration, wliereas the remainder of the alloy has already 
attained the blue condition. The colour shades obtained in 
this way have the great advantage of not disappearing under 
a high magnifying power. Considerable use has been made 
of these colorations, which are specially valuable in the in- 
vestigation of alloys of copper, by Wedding,^ Behrens,* and 
Guillemin.^ 

Wedding states that the colorations should not be pushed 
beyond the brown yellow of the first series.* 

^ Joum. Iron and Steel Inst., 1885, p. 187. 

2 Mikroskopisches Gefiige der Mctalle und Legierungen. 

^ Commissian des mithodes d'essai des viat^riaitx de construction, I. Serie ; 
Rapports, vol. ii. p. 19. 

* The serial order of these colorations — arranged in order of increasing thick- 
ness — is as follows : — 



Series. 



II. 



Colour in Reflected Light. 



Black. 

Dark lavender gi'ey. 

Pale lavender grey. 

Very pale lavender grey. 

Bluish white. 

Greenish white. 

Yellowish white. 

Pale straw yellow. 

Brownish yellow. 

Orange. 

Red. 



Purple. 

Violet. 

Indigo. 

Sky blue. 

Pale sky blue. 

Very pale bluish green. 

Pale green. 

Yellow green. 

Yellow. 

Pale orange. 

Red. 



Series. 



III. 



IV. 



V. 



VI. 



Colour in Reflected Lig^fat. 



Purple. 

Violet. 

Blue. 

Sea green. 

Green. 

Pale yellow green. 

Fawn yellow. 

Red. 



Purple, then dull purple. 

Greyish blue. 

Sea green. 

Green and gi'eyish green. 

Greyish red, red, dull red. 



Bluish green, dull initially 

and finally. 
Flesh tint, dull initially 

and finally. 



Bluish green, initially dull. 



This is correct fur irnu jinnr in carbon; Imt, accorilin>< to 
Behrens, one iiiay gu further iu the case of white iron, and 
stil) further in the case tif feri-ochrome, for which laat i-eddish 
violet of the second series is preferable. In iron and steel 
thei-e are also hasic salts that come into play, the formation 
of which is ditficult to avoitl when very dilute acids are used. 
They colour rapidly, but comparatively dull. The worst ease 
that can happen is when a film of this kind becomes broken 
into a fine network in drying, which network afterwards I 
shows up with remarkable contrasts of colour. Air-bubble 
pittinga, enclosed particles of slag, and imiierfectly closed ^ 
weldings, stubbornly retain small quantities of iron salts, 
which come out on to the surface in drying, and give rise, 
during the coloration, to highly complex figures, which can 
the more readily be referred to peculiarities of structure, 
inasmuch as they appear in the vicinity of defective places. 

Annealing pushed very far may have the eti'eet of an 
etching. If steel be heated to incipient redness, and then 
quenched in water, there will api)ear, in the places where the 
oxide skin has become detached, figures closely resembhng 
those produced by etching. These " fire figures " are almost 
always to be found on hardened steel, being shown up by fine 
grinding and polishing, and are attributed to differences of , 
hai-dnesB, which, however, seems at an^Tate doubtful from 
what has been stated above. 



II Another means of differentiating and characterising the 
rarious mifa'ographica] constituents is afforded by the deter- 
mination of the degree of hardness. A preliminary estimate 
of this quality can bo formed from rehef grinding : for more , 
precise testing, Behrens employs sharp-pointed needles of 
different degrees of hardness, which are stuck into the 
specimen and puslied forwards like a graver. If the needle 
be softer than the specimen imder examination, it slips over 
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^H laettii. 



the Burfaee, and tlie point ia diiller and turned on the appli- 
cation of greater force ; whereas, if the needle be harder than 
the apecinien, it ploughs its way through the metal. Fur 
this purpose Behi'ens makes use, inter alia, of the follovring 
materials, the hardness of whirh, on Moh's scale, is appended 
to each: — Lead, H = I ; tin, 1:1= l^V ; feri'iiginoue tin,H = 2; 
hard leail, H=t-5-2'2; ziac, H = 2'5; copi)er, H=3; 
brass wire, H = 3-l; gunmetal, H = 3"3 ; bronze with 12 
per cent, of tin, H = 3'5; bronze, with 18 per cent, of tin, 
H = 3-7; iron wire, H = 3-7-S'9 : sewing needles, H = 5- 
5'5 ; similar needles heateti till colom-ed yellow in the 
third series, H = 4 ; if heated to blue of the second series, 
H = 5 ; steel for metal drills heated to yellow of the aeconi! 
series, H = 6; chrome steel, H = 6'2— 65; fen'ochrome, 
50 per cent., H = 7-7'3. In the case of brauzes, Mart«iia 
succeeded in measuring the hardness of the various portdona 
of tlie structure by means of tlie sclevometer. 

Resistance to ecratchiug chietiy depends, as Osmond 
obsei-ves, not only on the nature of the substance, but also on 
its absolute diniensions. A glass plate, when sufficiently thin, 
can be cut with the finger nail, even if not scratched thereby. 

For testing the weakest place of a ground microscopic*! 
preparation. Stead proposes to subject it to flexion, either by 
continued pressure or by a blow. The simplest way to per- 
form this teat is to lay the specimen, polished side down- 
wanls, on a block of steel, provided witli V-shaped grooves, 
over which latter some force is applieii to the preparation- 
Should the piece sustain fracture, which is fi-e^ueutly the 
case, this does not prevent the examination uf the weakest 
portion undei' the microscope. All that is necessary ia to 
place the two bi'oken pieces side by side on a glass shde, and 
bring the latter under the instrument. The value of this 
method cau be seen from Figs. 31 and 32, I'late III. 



Fig. ^1 slitiws a piece uf wrrjuglit iron wtiiuli was bent \ 
in a dii'ection parallel to that of the roUiug, and demonstrates ' 
that the weakest place cuincides with the position of enclosed 
particles of slag. Fig. 32, on the other hand, shows that the 
line of fracture in cement steel nius parallel to the deposition 
of iron carbide. 



Further assistance of an important character is afforded, ■ 
in the microscopical examination of polished sections of metal, ' 
by chemical analysis, of wliich only one branch need 
mentioned here, namely, the method of fractional analysia | 
employed with gi-eat advantage by Behrens. This is suitable | 
for application in all cases where a relief exceeding O'l mm, 
in depth can be produced ; and ia of particular importance in 
connection with the alloys of iron, where the form, coloration, I 
dift'erences of hardiiesa, and behaviour towards solvents, prove I 
insufficient to detect the numerous admixtures with accuracy. J 

According to Behrens, the ground sections subjected to-1 
fractional analysis must be perfectly even, though careful fine J 
grinding and polishing are unnece.saary. 

In the case of white iron, ferromanganese, ferrotungsten, etc., I 
the etching is commenced with strong hydrochloric acid con- 
taining an admixture of about 5 per cent, of nitric acid. When 
an evolution of hydrogen occurs, the etching liquid is removed I 
by means of a glass tube, drawn out in the form of a pipette, i 
and ia heated in a basin or porcelain crucible with a little nitric | 
acid until oxidation is complete, after which it is applied j 
again, a little hydrochloric acid being added if necessary. 
Thia treatment having been repeated two or three times, the I 
solution is set aside in a capillary tube for examination later | 
on, the metal is rinsed, wiped with a filter jwiper followed by a 
clean rag, and examined under a low power (30- to 40-fold 
magn.). If the projecting portions are bright, the surface is 
treated with hydrochloric acid containing 8 to 10 per cent. 
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of niti'ic acid, the eaine procedure lieing adopted as iu the 
first etching ; and the treatment is continued until these 
portions are attacked, the last solution lieing then discarded. 
White iron will stand two etchings, sometimes three, tbe 
operation taking about an h<mr. Ferrochrome will stand 
more than 20 per cent, of nitric acid, and can he etched 
to a depth of I'B mm. 

The next task is tu obtain leliable samples of the project- 
ing parts of the etched section, which is accomplished hy 
attrition on perfectly even, dull-ground surfaces, agate being 
used in the case of hartl iron alloys. The etched section is 
cleaned by brushing it under water containing a few drops of 
acid, followed by water alone, the pi'eparation being then 
ground — either dry or with a single drop of water — on agate 
until the latter exhibits a film of metallic powder. This 
powder is finally rendered accessible to examination (generally 
microchemica!) by the aid of suitable solvents. 

So far as microscopical examination is concerned, low 
powei-a (50- to 100-fold magn.) are sufficient in many caaes, 
though powers up to 200 or 300 are not infrequently 
employed ; and in some instances, where the elucidation of 
very fine details is in question, recourse must be had to 
powers as high as 1000-fold, or even greater. For low 
powera ordinary daylight will afford sufficient illiuniuation, 
provided the object be held in a sloping position, unless 
deeply etched or exhibiting high relief. For higher powers, 
recourse must be had to special illumuiating devices, of which 
there nre several types available 

As regards the choice of a microscope, it is best to select 
one made by a firm of repute, such as Zeiss of Jena, Beicbert 
of Vienna, and others. 

Wedding, Osmond, and Guillendn photogi-apb the micro- 
scopical picture, whei^eas Martens and Behrens prefer to draw 
H it with the aid of a pi'ism. { 



CHAPTER II 



MICROSTEUCTURE 



The iQicroscopieal examination of even simple metiJs exliibite 
a particular structure instead of a uniform surface (see the 
example given in Fig. 33 of Plate IV., which represents 
silver magnified 20 diameters). The metal exhibits a cubical 
structure, consisting in turn of a number of cubes in regular 
juxtaposition. This structure owes its origin to the crystal- 
lisation that usually starts from the surface of the sohdifying 
metal or the walls of the mould in which it is cast. In this 
case the first crystals are generally arranged along straight i 
lines, nearly at right angles to the coohng surface, and from 
these crystals of the first order branch crystals of the second 
order at right angles thereto. 

In some cases, especially copper and the silver alloys rich 
in copper, crystallisation seems to occur at certain centres 
within the mass, before beginning at the sm'faca In such 
event, the interior of the mass exhibits radial lines of crystals 
interrupting the regular crystalline structure, aud separated 
therefrom by a confused layer of finely crystalline metal. 

The individual morphological elements of the metallic 
structure are usually termed crystals, though Stead calls them 
"grains," and definitely distinguishes them from crystals. 
On this point he expresses himself as follows : ^ — - 

Grains and crystals must not be confounded together, 
thoi^h the former are built up of the latter. The grains 
' Jourii. Iron and Steel IiuC. 180B, i. t>. 183. 
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resulting from the solidification of liquid metal are large oi 
small, according as the cooling proceeds slowly or quickly; 
their shape is influenced by the adjoining grains formed at the 
same time. 

Osmond also says of these grains that they are not of true 
crystalline stmctiire, since they do not exhibit any true contour 
surfaces, nor are they of any regular geometrical form. They 
are, however, not homogeneous, since their attrition when 
polishetl on parchment is not uniform, nor are they uniformly 
attacked by etching reagents. The cause of this diKerence 
resides, partially at least, in the crystalline arrangement of 
the stnicture, which changes from graid to grain though 
remaining uniform throughout the full extent of one and the 
same grain, as a deeper etching will reveal. Thus, if we have 
a metal crystallised in cubes, it will be found that the grains 
which are cut in a direction parallel to two axes will exhibit 
small regularly stratified cubes, whereas the grains in which 
the cut rims parallel to a single axis will have a flaky struc- 
ture, and those that have been cut parallel to no axis at all 
will reveal merely an indefinite structure. 

Conseqiiently we have a double system of surfaces at 
minimum cohesion. The one is due to the shaly structure 
of the interior of the grains ; the other to the niutuEil limi- 
tations of differently oriented, superimposed grains. The 
structure of the metals ia therefore dependent on the extent 
to which the individual crystals are restricted or not during 
their development. In the former event the metal will oonaist 
of grains, in the latter of crystals, and a distinction may tbs«- 
fore be drawn between different species of structure. 

According to H, Behrens, cast metals frequently exhibit ft 
reticulated or a scaly structure, these modifications resulting 
from the juxtaposition of fairly similar octahedni, cubes, and 
cuboid rhomhobedra. In places the imiform texture is inter- 
rupted by radio -sphierolithic concretions. 
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I'lj- njUiug, the i-eticulated strueLure is first cliatiged into 
the form of BWiles, and afterwards, by exteusion in two direc- 
tions, into ahaly atructure. Etched sections exhibit zigzag 
Hues ill tbe former ciise and wavy, lines in the latter. 
Drawing produces fibruns ati'iieture, indicated by fine parallel 
lines disappearing at intervals. If the metal have been 
extended partly by forging and partly by rolling or drawing, 
a wavy-fibrous structnre will be developed. Forging, without 
any other treatment, may lead to a confused fibrous, feltetl 
structure. The protracted working of metal free from slag, 
whether by rolling or hammering, aeeompnnied by frequent 
re-heating, will finally give a tine-gi'ained sti'ucture, without 
any definite contours of the crystals or preilominjmt direction 
of the sutures. 

The iniluenee of temperature on the structure produced 
by working the metal wili be dealt with later on. 

If the metal be impure, the intimate- juxtaposition of its 
crystals may be hindered by included matters. Oxides and 
sulphides may be dissolved by the liquid metal at high 
temperatures, and then suffer deposition during the process of 
crystallisation. This deposition occurs, either in the form of 
small diffused particlbs disseminated throughout Ib'e masS 
of microscopic crystals, in which event inclnsioiis are formed 
within t)ie finished gi-oups of crystals ; or in the form of 
films or thin plates on the boundary surfaces of large crystals 
or crystalline aggregations. ' Tlius, according to Behrens, 
cuprous oxide is found deposited in copper, oftentimes in far 
from insignificant quantities ; and occasionally silver- sulphide 
in silver, without being visible on polished or on cast surtees, 
though revealed, as tine brown lines, arranged in regular order, 
on etched surfaces. A similar beliaviour may also be exhibited 
by metallic alloys. In the case of an alloy of 80 per cent, 
eppper and 20 per cent, lead, an almost entirely lead-free 
copper will crystallise out, and lead containing only a very 



small proportion of copper will be found, in au almost amor- 
phous state, deposited between tbe ciyBtals ; the same thing 
occurs with zinc and lead. On the other hand, a differeDt 
liehaviour is noticeable in alloys composed of cupper and tin, 
or copper and zinc. Here the copper retains a considerable 
quantity of the more fiisible metal, and forms therewith well- 
developed yellow crystals, between which is found a baiUy 
crystallised, or apparently amorphous, ftUoy, containing a far 
liigher proportion of tin or zinc. This behaviour is analogous 
to that of water in presence of salts capable of absorbing 
water of cryBtailisation. Thus a hot solution of sodium 
sylphate will daposit, during cooling, crystals of the com- 
position NajSO, -f 1 OH3O (i.e. with 48-2 per cent of sodium 
sulphate and 55-8 per cent, of water), leaving behind between 
the crystals a liquid which, at 18° C, consiata of 22 per ( 
of aodium sulphate and 78 per cent, of water. 

The well - developed crystals represent the deposited 
matters, the badiy developed crystalline maze, the mother 
Uquor or the euteetic mixture. Moreover, eutectic mixtures 
are frequently characterised by a foliated structure, in that 
they consist of alternated Hakes of the two components of the 
solution {see Fig. 34, Plate III., which represents an alloy 
of 72 per cent, silver and 28 per cent, copper). 

The foregoing explaina the divergent structure of alloys. 
Among this class of bodies the reticulated structure is of 
frequent occurrence, the sparingly represented intermediate 
matter appearing in the form of threads of a loose irregulat 
net. Aa the amount of intermediate substance increases, tha 
edges assume a washed - out appearance, the parts they 
surround being rounded off; paving-stone structure (whitfl 
iron). If this be very fine in grain, we have grauulal 
structure (grey iron). Concretionary structure is also fre- 
quent ; radial agglomerations, also regular growths of mlcnv 
litha iu a micro-eryatalltne, more or less granular matrix 
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When this structure is further developed we have a micro- 
lithic felt (radial white iron). Stalky and fibrous structure 
may be mentioned as special peculiarities of certain alloys, 
and indicates prismatic crystals belonging to the rhombic or 
monoclinic system. It may occur with dendritic branchings 
in an abundant, granular-crystalline intermediate mass (crude 
cement steel, 20 per cent, ferrochrome), or without branching, 
the intermediate substance being sparse (high grade ferro- 
chrome, ferromanganese, and ferro-aluminium). 
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CHAPTER III 

THE MICROGRAPHIC CONSTITUENTS OF IRON 

As we have seen, the alloys in general are not homogeneous 
substances, but for the most part constitute a mixture of 
various microscopic constituents. Of course this applies 
equally to the alloys of iron. 

If, at first, we leave all extraneous admixtures out of 
consideration and merely take the pure iron and carbon, 
the following formations can be distinguished under the 
microscope : — 
(a) Cavities — 

(a) with smooth surface, and containing hydrogen 

and carbon non-oxide . . . Gas bubblea 

(/3) with rough surface, and either empty or filled 

with air Irregular cavitiea 

(h) Slag inclusions. 

(c) Graphite (and tempering carbon). 

(d) Ferrite. 

(e) Cementite. 
(/) Martensite. 
(g) Austenite. 
(h) Pearlite. 
(^) Sorbite. 
(k) Troostite. 

(a a) Bubbles, — The literature on the formation of bubbles 
is fairly copious. The most important paper, for the purpose 

100 



. .• 



THE MIOROGRAPHIO CONSTITUENTS OF IRON 101 



ow in view, was compiled by Martens,' aud from thiB the 
rawinga now reproduced have been taken. 

The chief peculiarities of these bubbles, their pear-like to 
eruiiform shape, flat base, step-like atrueture, aituation in the 
lock, and the direction of their principal axes, are readily 
isible in Fig 35, Plate IV. The large biibblo in the centre is 
bowu on a more highly magnified scale in Fig. 36, Plate IV., 
or the purpose of better indicating the striation at the bottom. 
"he bottom of a bubble in a block (pig) of ingot iron is repre- 
lented in Fig. 37, Flate IV., magnified 10-fold. This reveals 
'he fun-owa on the walla, and ahowa them to be interspersed 
^tb numerous knobs and protuberances, the form of which 
liecomes more clearly defined when higher powers are used. 

The origin of bnbblea may be imagined as occurring in the 
'Jlowing manner :■ — In any event the steel must, at the time 
e bubbles are formed, be in such a pasty or viacid condition 
to preclude their escape to the surface. It may be aeanmed 
Lfc the bubbles must undergo ahrinkage when the block 
►le down further in the viscid and still plastic condition, 
J- the bubble receives no further supply of gas. It is not 
possible that the fuiTowa in the bubble reault from auch 
^-traction, aud represent the folding on the aui-facu of the 
c»ble. Up to a certain time, adjacent bubbles will be able 
«iraw closer together, those moving the more easily attach- 
l themaelvea to the more slu^sh ones — which explains the 
V"ard growth of the bubbles situated near the edge, alao 
-ir atep-like structure, their vermiform shape : which latter 
•^ften changed into tlmt of a pear witli its flattened Imse 
^'■flrds the ceutre of the block, when the cooling and fornia- 
1 of Ijubbles pi'oceed at a rapid rate. The bottom remains 
'Stie longer than the rest, and is pressed inwarda, in eon- 
mence of diminished gas pressure, when the bubble shrinks. 
The foregoing aketeli Olustratea the broad lines of the 
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process, but there are smaller details, which can also be 
traced fruiu the microscopical examiiiation of the tinished 
bubble. Thus the supply of gases, in the form of very small 
bubbles, has undoubtedly continued up to the very laat,^ since 
the em-face of the bubble walls aud the aforesaid protnber- 
ancea is generally found to lie covei-ed with innumerable 
dotted grauulea and pittings, which, under favourable circum- 
stances, good illumination, and high powers, are revealed aa 
globular bodies, interspersed with pitted depressions, and 
as depressions with a central protuberance. The pits are 
often surrounded by a swollen aimular rim. In fact we are 
here in presence of plienomena often found on a lai^er scale 
in the crystal cavities of spiegeleisen (Fig. 38, Plate IV.). An 
examination of the details shown in Fig. 38 will make it 
clear tliat the formation of bubbles is there in question, some 
of them still in a perfect eonthtion, whilst others have suffered 
rupture and subsidence just before the soUdification of tie 
masa The latter are imJoubtedly older in formation than 
the fonner. Whilst some of the rounded protuberances are 
due to the formation of bubbles, they may also owe thar 
origin to another cause, as we shall very soon see. The 
occurrence of bubble formation can only be regarded as proved 
when at least two of the above-mentioned stages, in point of 
age, are discovered existing side by side, which is usually not 
a difficult task. 

However, the origin of the other multifarious formatiouB' 
at the bottom of these bubbles cannot be ascribed to the pro- 
duction of the bubbles themselves, except in a minor 
True, a small bubble bm-atiug with some force into the larg^ 
space at the last moment may throw up thickened 
project the substance of the wall, which then solidifies in th( 
peculiar shape thus produced ; but the gi-eater probability 
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that the adjac«Dt particles which give rise to the straetuie 
of the Bteel solidify at difTerent rates in the cooling prucess, 
that slight alterations in volume on the part of these various 
alloys in coolii^ set up tensions, which liuallr pr*as the still 
plastic parts of the mass, in tlie form of rays of a greater 
or smaller degree of fineness, between the already solidified 
jwrtions of the walls of the bubhle. In the course of their 
exudation the plastic masses undet^i all manner nf distortions 
and modifications, as may lie shown with plastic clay foi-ced i 
through a sieve containing openings of difTerent sliapes. That 
the exuding ma'is still retains a certain capacity — perhaps due 
to the pressure of imprisoned gases — to distend, or contract 
into a rounded form, and even to crjstallise, can be readily 
admitted, in view of the divers shapes assumed, which vaiy 
fi-om excrescences of the fineness of a hair (sometimes swelling 
up into decidedly globidar masses in places) to indubitable 
depositions of dendritic crystals (pine-tree crystals). These 
deposited ciyetalline aggregations, however, are less frequently 
found within the cavity of the bubble than on the surface of 
the walls. 

The formation of bubbles of the kind mentioned above 
has also been regarded as a proof that here occur, on the 
crystal surfaces of scorched steel (Fig 39, Plate IV.), processes 
that are attended with liberations of gas within the mass : 
this ijueBtion, however, requires thorough investigation. 

(a^) The second class of cavities is produced through the 
contraction of the mass during solidification and cooling, the | 
influence of which is naturally moat appai-ent in the placea 
where the metal remained longest fluid. They are recognis- 
able by theii' rough surface. The dimensions of these cavities 
increase with the contraction of the metal, the difference 
between the casting temperature and fusing point, and with 
the volume of the casting. 

The interior of these cavities may naturally exhibit a very 
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similar state of things to that prevailing inside the gas 

bubbles ; -moat frequently, however, they are found to oont«ia 
crystalline forniationa like those shown in Fig. 40, Plate IV. 
The octahetlral form of crystal will be clearly recogniseil. 
Of course in rolled steel it is impossible to detect even 
residual traces of the same. These dendritic crystal, aa 
shown in Fig. 40, 1'late IV., often attain considemble size'; the 
one illustrated in the figure was found in a cavity is an 
ingot of mild Martin steel. 

Sometimes the ajjices of the crystals have uodetgooe 
modification into a globular form that might easily be 0(K* 
founded with the hemispherieal bubbles already mentieaied, 
though really of a different nature (Fig. 42. Plate IV.). Tiut 
true character can only be determined by the aid of good 
sections of these globules, sufficiently large specimena rf 
which, however, arc obtainable only with difBculty. 

A noteworthy aud somewhat rare oceuri-ence of cryiatlk& 
lias been described by H, Martens^ (Fig. 43, 1'late IV.). lie 
diameter, however, was only 0'02 inm., and therefore the 
chemical composition could not be determined. 

(h) Slay. — What are generally spoken of as slag tnclmcsiB 
may be of highly divergent nature. Apart from accid^it^ 
inclusions, such as particles from the material of the mooH, 
etc., there may also be present, in addition to actual iil^ 
inclusions, de^tositions of oxides and sulpliides (principaQy 
FeO, MnO, FeS, and MnS). 

According to Osmond, Fig. 44, Plate IV. representa a slaK 
inclusion in simply poHshed steel According to Ambld, 
similar inclusions may also consist of iron Bu]])hide. TJte 
occurrence of oxides and sulphides was mentioned in the pre- 
ceding chapter. 



Mention is here necessary that great care must be e 
' Zeits. d. Vcr. dciUsthtr Jwjoi.. .\ii. 






Slag embodJcd in steel. 
Smooth polished. 
Magn. 1000 linear. 



Fig. 41- ','i oaX. size. 
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ciseil in pronouncmg an opinion on eavitiea First as regards I 
their shape, it may, for example, happen that a slag inclusion ■| 
intersected in a direction transverse to its longitudinal exten- I 
sion, exhibits rounded structures similar to bubble cavities, 1 
A. Martens, who has thoroughly described these phenomena,^ j 
says of them : Cavities of this kind may also be formed as J 
the result of etching an eaeiJy corroded substance, as well aa j 
produced by artificial means. The fonner eventuality may j 
ai-ise, for instance, when Thomas slag has been rolled out into J 
veins, which, being filled with resistant material, more or leas 
retain their original section; when etched, the contents are 
quickly corroded, and a depression (pore) is the resalt. The 
BBcoud ease may occur when a hole, punclied out as it were 
by the grinding material, is not at once eradicated in | 
polishing, and especially when a gmin is subsequently | 
deposited and rolled about in the said hole for some tima 1 
Thia may produce a circular depression, with flat bottom and j 
nearly vertical side walls, which, under superfieia! observa- J 
tion, may be taken for a " pore." 1 

There are also cavities that have been produced owing to i 
the dropping out of originally present structiu-al components 
(e.f/. fragments of graphite) during the operations of grinding 
and polishing; the nature of these, however, can generally 
he easdy recognised from their characteristic form. 

(p) Graphite reveals itself in the form of dark flakes, 

which appear in section as straight or crooked lines. These 

flakes often fall out during grinding, in which event so-called I 

" graphite cracks " are found during the microscopic exaniina- -' 

tiun (Fig. 45, Plate V.). (Jraphite flakes may attain a 

length and breadth of several millimeti'es, witli a thickness of 

60-100 /i. More rarely pidverulent graphite is met with, 

E|ud even this may consist of very minute flakes. ■ 

H^ According to Martens, Figs. 46 and 47, Plate VI. show j 

^L I Slohl iKid Eisen, lHd2, No. 0. J 
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the appearance of graphite flakes as exhibited on the surface 
of grey pig iron. 

On polished surfaces graphite is chiefly found in cross- 
section through the flakes. In the case of large flakes these 
sections are mostly crooked. In grinding, it frequently 
happens that the graphite flakes are rubbed out, leaving only 
the fissures (" graphite cracks ") behind. 

Behrens has described the following peculiar phenomena, 
and referred them to depositions of graphite. The ground 
surface of grey iron occasionally exhibits thin flakes as sharp, 
lustrous projecting ribs, as well as lustrous dots of similar 
appearance. Both these are very frequently seen on etched 
sections (Fig. 48, Plate VI.), where the ribs and dots stand 
out from a dull ground of grooves and pits. The first 
inclination is to think of admixtures of hard ferrosilicon or 
iron phosphide, and to ascribe thereto the projection and 
glitter of these objects. Lowmoor grey iron may be cited as 
a good example of large projecting flakes ; and accumulations 
of graphite scales are also frequently met with in fine-grained 
cupola iron. On etched sections they appear as warts, lying 
in small shallow pits ; and on polished sections they may also 
take the form of warty projections. Tests for hardness 
performed under the microscope, however, show that the 
glittering dots in these accumulations and the protruding ribs 
on coarse-grained grey iron are far too soft to be ferrosilicon 
or iron phosphide, the hardness being generally less than 2 
and never attaining 4, the hardness of iron itself. Conse- 
quently almost the only assumption open is that the low 
friability of the graphite has enabled it to withstand grinding 
better than the granular iron. 

Tempering carbon (see following Book) affords little 
variety under the microscope ; it is amorphous, whereas 
graphite, as is well known, crystallises according to the 
hexagonal system. 
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(d) Ferrite. — ^Thia BubBtance waB named by Howe, and is i 
pure, or nearly pore — at anyrate carbon-free — iron. Eeliotl 
gi-indiog gives it a dull polish ; when subjected to prolonged J 
polishing, especially when finished with gypsum and water, ' 
it granulates at a rate and depth inversely proportional to the I 
thickness of the ferrite. When present in larger masses it I 
sets together in the form of polyhedral granules. Each I 
polishing produces the same phenomena more speedily ; 
this ease the ferrite does not assume more than a faintj 
yeUowiah coloration, if at all 

Etching with iodine solution leads to the same results,] 
and etching with nitric acid also brings the grains up intafl 
prominence, either coloured or not, accoixling to circum-S 
stances. On this point Osmond gives the followii^ informa-l 
tion : — Extra mild steel etched with dilute nitric acid {Zm 
vols, of 36° E. acid and 990 vols, of water) for half an hour J 
exhibits a few grains stained yellow or brown — the colora-l 
tion probably resulting from a thin layer of oxides or basii 
salts ; others are roughened, whilst others remain unalterec 
The brown coating adheres on drying. 2 vols, of nitric aeid 
per 100 vols, of water will produce all imaginable shadt 
transition, but the coloration is destroyed by wiping, 
vols, of nitric acid per 100 vols, of water reveal the granidi 
atructure, but no coloration remains after wiping. 

More particular information about the structure of thesQ^ 
feiTite granules has been afforded by the researches of Stead. 
Thus deeper etching, or the uae of special etching reagents, 
such as copper-ammonium chloride ( 1 : 1 3 tn I : 3 0), produces 
on the surface of the ferrite granules uniformly arranged 
" etched figures " (such as are visible on all erystalhne bodies 
when suitably etched), which, when highly magnified, assume 
the appearance of imprints made by a minute cube in various 
positions on a soft substratum. Tlie shape and position of 
the etched figuring are the sauic in various jiarta of tlie same 
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granule, t.c. on uniformly crystalline surfaces, but differ in 
adjoining granules. This peculiarity affords a scientific basis 
for determining the number and dimensionB of the individual 
ferrite granules, even in difficult cases. Low powers of 
magnification are insufficient to show up the adjacent indi- 
vidual etched figures ; on the contrary, the separate ferrite 
granules appear j>ai-tly light, partly yellow to dark brown, in 
colour, and oftentimes even black. The cause of this optical 
behaviour can be gathered from Fig. 49, Plate VII., which 
represents various diagrammatic nections of ferrite granules. 
Each consists of a uniformly stratified aggregation of cubes, 
the faces of which are inclined at various angles towards the 
surface of the section. Such of them as are nearly parallel to 
this surface refieet the rays of light into the tube of the 
microseope, and therefore appear light in colour ; whereas in 
other instances the rays of light are more or less dispersed, 
and the ferrite granules then have a correspondingly dai-ker 



Stead found that the presence of phosphorus, aluminium, 
and especially silicon (in large quantities) produces a very 
well-defined development of the cubical elementary crystals of 
these ferrite granules. 

A few (Dther oljservations of this worker, in respect of 
ferrite granules, may be referred to in this place. He found 
that, in the case of iron and steel nearly free from carbon, 
prolonged heating to 600-750° C. (dull red heat) gave rise to 
an extremely coarse-grained structure, which, however, on the 
heat being increasetl to 900" C. and over, passed over into the 
normal fineness of grain. 

This phenomenon does not appear in the case of steel with 
more than 0'2 jxjr cent, of carbon : so that a wide difference 
exists between steels respectively rich and poor in carbon. 

Accordir^ to Stead, the crystalline axes of the adjacent 
gi-.mulea, which are placed at highly divergent mutual angi 




iiptner. Principles of SiJerolagy. 



Fig. 46. 

Graphite crystals from LanElonii 

obtained by dissolving in HCI. 




Fig. 47 1 
Part ,.r Fig. 46, highly mngiii 
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change their poaitiOQ, during the interval of temperature in 
queatioD, until their dii'ection coincides ; whilst at the same 
time the lines of demarcation lietween the granules disap]iear, 
thus giving rise to larger granules. 

Thus it follows that, in the case of iron with less than O^l 
per cent, of carbon, prolonged heating at dull redness is 
inadvisable, though this was formerly regarded as qidte 
innocuous. This behaviour explains the brittleness and coarse 
tract are sometimea exlubited by very mild steel, and for 
which chemical analysis has hitherto failed to detect any 
cause. When the orientation of the individual crystals ia 
throughout the same, or nearly so, a condition the metal tends 
to attain when subjected to prolonged heating at the tempera- 
ture in question, the metal becomes brittle. It then exhibits 
three directions of low resistance (lines of fracture), which are 
parallel to the faces of the cubes, and therefore at right 
angles to each other. If the final product be sheet iron, this, 
on sustaining a blow, will easily break along two mutually 
perpendicular directiona The hues of fracture do not follow 
the lines of contact of the granules, but pass through the 
gi-anules and follow the cleavage surfaces of the crystals, 
which, being all iu the same direction, offer no opposition to 
the further extension of the fracture. 

If, on the other hand, the individual crystals of the j 
adjacent granules are of different orientation, then the metal, i 
though coarsely crystalline, does not become brittle, and it 
may therefore happen that a coarse-grained piece of iron will 
be less brittle than one of finer grain, though under uniform 
conditions as regards the orientation of the crystals the latter 
would be the tougher material. 

It is particularly worthy of note that, in the above- 
mentioned case of brittleness of mild steel, the fracture invari- I 
ably ensues at an angle of 45 degrees to the direction of rolling, I 
and the microscope shows that the orientation of the crystals 
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in metal that has become brittle through heating to rednesB 
is the same. Stead says : " Such material can be bent 
through an angle of 180 degrees and hammerefl together, pro- 
vided the line of Hexion lie parallel nr peifendicular to the 
direction of rolling, but will break with ease when the bend- 
ing ia made at an angle of 45 degrees to the direction o! 
rolling" (i.e. along the lines of fracture). 

He also says : " This leads to the conclusion that, just as 
light produces a latent invisible picture on the photographic 
plate, so also the act of rolling steel sets up a latent disposi- 
tion to erystalliae in definite directions, which tendency is 
developed by heating to redness." (This probably has some 
connection with the breaking-strain theory of Hetjd.) 

Stead distinguishes between " intracrystalline " brittleneas 
(between the cubical crystals, or along the surfaces of 
cleavage) and " intragranular " fracture between the orystallini 
granules. They might also be termed " cleavage fracture" 
and " granular fracture." 

Intragranular fracture follows no definite lines of direc- 
tion, and is found in a typical form in cast iron. According 
to Stead, it is the result of a hard membrane or extraneous 
masses enveloping the granules ; or of imperfect cohesion 
between the granules, the causes of which have not been 
clearly ascertained. 

Although thousands of samples have been examined, no 
single instance is known of intracrystalline fracture in sheet 
iron that has not been heated to redness after rolling. The 
coarse-grained structure appearing after prolonged heating to 
dull redness is invariably destroyed by heating to 900° C. ; 
the meta! then becomes exceedingly tough. 

According to Stead, the columnar sti'ucture of ferrite, 
constituted by columnar forma of iron directed from the 
surface of a bar towards the interior, can probably only occur 
in the case of steel in which the carbon present at tlie surface 
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has been removed by oxidiaing agents at a temperature lower 
that 850° C, and under no other circumstances. 

On l)eing heated to 900" C, followed by rajiid cooling, 
this fonn is eonverted into the normal etiuittxial modification, 
and no method of re-transforming it into the columnar form 
hy heat has yet been diBcovered. 

Accoi-ding to Behrens, the hardness of ferrite lies between , 
3"5 and 3'7 of Moh's scale. 

Mention should also be made of the circumstance that 
Sanitev, in etching nearly carbon-free iron at red heat (by 
immersion in fused calcium chloride), olitained indications 
that, at higli temperatures, no right angles exist in the 
crystals of iron, and that therefore, under these circumstances, 
ferrite does not crystalliae in cui)es. Tliia would ai^ue the 
occurrence of dimorphism in iron, and consequently the 
presence of allotropic modifications of the metal. 

(«) Cementite (accoi-ding to Howe) is the hardest con- 
stituent of carbon steel (H = 6). H. Behrens gives the hard- 
ness as between 5 and 7, which Osmond explains by the 
assumption that the lower degree of hardness is produced by 
a finer state of division of the carbide, whereas the figures in 
excess of 6 refer to chromiferous cementite (chrome steel), 
and therefore to a substance of entirely different composition. 
The fluctuations in the liardnesa of cementite may also be 
ascribed to differences in composition (jwlymeriflation), which 
subject will be thoroughly discussed in the next section. By 
reason of this great hardness, cementite can be rendered 
visible by simple relief polishing with emery paper, in which 
case it constitutes the portions in relief. Of cxjurso it 18 
essential to this end that the cementiU^ should not bo 80 
finely distributed throughout the softer matrix as to be 
beyond the power of definition of the micromiope, since in 
such event chemical methods alone will lie ciijiuble ut reveal* 
L ing its presence. 



Cementite is especially well developed in cement steel, 

i from whicb it takes its name. In this material it forms botli 

' isolated groups of lurge, straight, juxtajiosed lamella-, uud 

' similar gi'oiips imited into a polygoiml network. Though at 

I oiie time liotli Dr. Sorby ami OBiiioiid doubted the ideiitlcitv 

■ of the cemeiitites in ditl'erent kinds of steel, they are now, in 

consequence of the analytical results of LeJebnr, and micra- 

Bcopieal investigations (chiefly by Osmond), all conaidere<l as 

one substance. To he sure, ArnoUl and Kead differentiateJ 

two carbides in solution residues (by Weyl's method), the one 

white and lustrous, the other grey and dull ; neverthelesB 

both have the same composition, aud tlie difference is due 

merely to the lustrous scales being compact, whilst the dull 

ones are occasionally less densely packed, and wrinkled. 

So far as investigations have been cari'ied^ — even by 
Osmond — no coloration has been produced by eteh-polisbiiig 
cementite with gypsum and liquorice extract. 

Even etching with iodine, eight times repeated, produces 
no coloration, the cementite remaining silver white under 
vertical illumination. The same also applies to the efl'ect of 
20 per cent, nitric aeid allowed to act for at least forty 
minutes, and of 2 per cent, acid for a more lengthy period. 

The researches of H. Behrens and A. R van Linge on 
cement steel ^ may also be given in full, since they not only 
afford information on the composition of cementite, but also 
represent a typical example of the manner in which such 
researches should he conducted. These workers, in poUshing 
cement steel, noticed crooked figiu'es of a harder substance, 
which proved capable of better development by the aid of 
coloration and etching. " Since it was readily feasible to 
continue the etching to a depth of 0-3 mm,, attempts were 
made to isolate this hard substance. In a preliminary ex- 
periment with f umin g hydrochloric acid, a yield of 2 per cent. 

' Fitseiiiua, Zeits.f. avatyt. Chemir, toI. xxsiii. ]i. 51S. 
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Fig. 60. 

Crystallised iroa carbide. 

Mag'i. l&O linunr. 




Fig 51, 

Martecsite and Cemeatite, 

wrought Bteel 

(i-247o C.) 

hardened at white heat. 

Smooth polished 

(Magn. 20 lin.l 
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the crude steel) was obtained ; but sulphuric acid, diluted 
"» a fourfold volume of water, proved a more suitable re- 
at, the yield being raised to :i5 per cent., and later, after 
necessary precautious had been ascertaineti, increased to 
3er cent. During the first two hours a faint odour of 
rocarbons could be detected ; later, when the detachment 
metallic particles commenced, tlie liberated gas exhibited 
ecidedly disagreeable smell ; and finally the odour of 
jc became so strong as to forcibly recall phosphuretted 
.rogen, although the steel had been prefer ed of beat 
idigh iron and wood charcoal.' The detached particles of 
ial, which contained a slight admixture of carbon, were 
irated from time to time by agitation with water and 
anting. The fragments of iron were eliminated by warm- 
along with 5 per cent, sulphuric acid, the residual metallic 
?der being repeatedly shaken up with water after the 
lution of hydrogen had ceased, and the turbid liquid 
■led olf, in order to break down the fragments of carbon 
L carry them away. I'epeated boilings with distilled water 
re finally necessary to eliminate the last traces of acid and 
able iron compounds, which would have iliscoloured the 
iparatiou in drying. In the first and second di-yings a 
ong smell of garlic was again noticeable : and the dried 
idue appeared as a coai-se pale-gi'cy powder with high 
tallic lustre, recalling pulverised spiegeleisen. It was 
raeted by a steel magnet almost as readily us coarse filings 
bar iron. The d^;ree of hardness waa found to be a little 
her than that of apatite, though less than that of window 
S8 ; it may be set down as between S"! and 5-3, At the 
ae time, tlie substance was no brittle that it conld easily 
ground to a fine powder in an agate mortar. Under 

I The author thought of acetylene, Init further tut»nii»» by Behrena h«v« 
xa that this sabstance dMH not s|>|«sr, uii wlikli tnaiatit the Utter Mcriba 
cTt) odoor to the deconipositioii of k Micide. 




the iiiii'TOEH'ope only metallic spangles and filaments were 
diacerniljle, but no crystalline gi'anulea. 

" A prelim inaiy qualitative examination gave a high per- 
coiitage of carbim ami a low percentage of phosphoms; 
Buffitient, however, to be readily detectable by means of 
ammonium molybdiite and nitric acid, in the extract from a 
fusion witli eodium carbonate and potaasiuiii nitrate. The 
'{uaQtitative examination made by van Linge gave 6'6 per' 
cent, of carbon.' If the mean carbon content of omde (knife 
and spring) steel be taken as 0-74 per cent., there is as 
accumulation of nine times tliat quantity in the hard spangles, 
and, in view of tiio fact that, under favourable conditions, the 
yield of hard spangles is about 5 per cent, of the raw material, 
-the carbon content of the intermediate substance is 0'4 per 
cent, at the most. Even this percentage is shown to be too 
hiyh by the test for hardness. On examining etched sections 
in ihe course of this test, under the microscope, the value 
H B= 5 is found for the crooked twigs and liranches, 3-5 to S'T 
for the intermediate substance, that is to say, the same hard- 
ness as iron containing O-l to 0'2 per cent, of carbon. The 
deviation is elucidated by the more precise microscopical 
examination of sections that have been etched to a depth 
of about 0"1 mm., this procedure revealing the presence of 
a duller and fainter relief, partially corresponding to the out- 
hues of cubes, between the more decidedly projecting luetrooB 
lines. On carrying the etching further, this fainter portion 
becomes more vague, and disappears. In this case we have 
to do with a subordinate accumulation of carbon, in conae- 
quence of which the cariion content of the intenncdiate 
substance is reduced to one-half, or even less, and we must 
assume that the treatment with acid first attacks the soft 
iron, and then, simultaneously with the evolution of the 
gases, the line, bai'd strips anil scales. 

' Tbcrufure esa.aly i!oiTesi«indiiig to the fiiraiiila Fe.|C. 
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" A f»oint worthy of uote is the liigh carbon <^mteiit of J 
the spariogly soluble carbide, which is et^ial to that of tba I 
white iron richest in carbon, which latter iron it also re- 1 
sembles in colonr and hardness. Whether the whole of the 
carbon is actually in combination could not he determined, 
owing to the small quantity of the substance: probably a { 
small portion is present in admixture in the graphitic state, 
since a little carbon is separated on treating the crude steel 
with acids. Whether the phosphorus plays any part in the 
formation of the carbide rich in carbon must also remain 
undecidefl, though it may he regai'ded as certain that an 
accnmulation of phosphonia occiu^ therein. The phoBphoniB 
content of Danemora uron may be put down as 0-02 per cent, j 
and the total amount of hard carbide in crude cement steel I 
as 10 per cent. ; if, as seems probable, all the phosphoiua I 
passes over into the latter, this would correspond to a phos- 1 
pborus content of 0'02 per cent, in the carbide." I 

From these researches it follows that cementite cannot ] 
always be regarded as pure iron carbide, hut as also liable to I 
contain other compoimds (phosphides). 

According to the investigations of A Martens, the 
cementite in apiegeleiaen is in hexagonal crystals. Stead ^ 
found rhombohedral crystals of iron carbide in a slowly cooled 
pig iron, poor in manganese (Fig. 48, Plate VI.), 
Cementite ia magnetic. 

(/) MarknsUe (Fig. 51, Plate VII., also Figs, 62, 53, J 
and 54, Plate VIII., named by Osmond after A. Martens) is I 
found only in liardened steel. It has long lieen known, J 
though not its structure. Dr. Sorl)y, under great reflerve,« 
speaks of extremely line grainH. Profcsanr liehrciis lucntioiia, j 
in the case of sundry sjtecimens exauiiiied by hiuisclf, a I 
dehcate polygonal network, which, however, in the result of 
' Jvvrit. Iron, atul Steel IiaC., 1S96, TD^kMHilkd'A' MetiUl'ffrapkitt, vol, I 
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superficial decarbonisatioD. The researches of Martens on 
more or less annealed steel sliow the irregulai' diatribiitioa of 
carbon therein, but not its final structure. Osmond pub- 
lished, in 1891, a photograph of medium hard steel under 
angular illuniinatiou after etching with uitrie acid ; this 
exhibited a watered appearance, but was incorrectly explained 
at the time. Seeing that the grain of fracture is progressively 
reduced by hardening, until it finally disappears from ^iew 
in the steels richest in carbon, one would be inclined to 
assume that hardened steel is amorphous, though actually, aa 
we shall see latei', it is decidedly crystallme. Take, for 
example, steel with 0-45 per cent, of carbon, heat it to 825' C. 
and harden at 720° C. in a refrigerating mixture at — 20° C. 
Eehef grinding shows only an indefinite structure, on account 
of the fairly regular hardness of the maaa ; but it is rendered 
more decided by etch-pohshing. We then find slightly de- 
pressed groups of needles, or, more correctly, straight fibras 
arranged parallel, sometimes separated by a granular or ver- 
micular intermediate substance, at others not. Usually three 
systems of such fibres, parallel to the sides of an equilateral 
triangle, intersect one another, and, according to Michel Levy, 
indicate the cubical system of crystalhsatiou. On the other 
hand. Stead maintains that maitenaite crystallises in the 
rhombohedral system. 

Martensite revealed by etch-grinding exhibits little or no 
coloration when treated with liquorice extract, the colour 
being at most a faint yellow. On the other hand — in con- 
formity with its carbon content — it is stained yellow, brown, 
or black, even by the first cb'op of iodine tmcture ; the fibres 
always remain clearly visible. 

In view of the irregularities produced by staining and 
etching, one cannot assume martensite to be a primary con- 
stituent in the strictest sense. 

On the other hand, it retains its form just as well during 
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the hardening of extra mild steel as in the hardest kinds of 
steel, with the sole exception that — other things being equal 
— the needles are the longer and better defined the anialler 
the proportion of carbon in the metal. 

The carbon content of mai'teusite varies between 0'12 
ami 0-8!) per cent., and the coloration aBsnnied on treatment 
with iodine or nitric acid varioa accordingly. In the case of 
the varieties richest in carbon the coloration is considerable, 
but never so great as with cementite. Martensite will scratch 
glass and felspar; it is also magnetic and polar magnetic. 

Charpy ^ terms martensite containing a maximum of 
carbon (0-89 per cent) "Hardenite," and understands by 
" Martensite " a form of hardenite diluted with iron. 

(g) Austeniie (Fig. 55, Plate VIII.) is the name given by 
Osmond to a constituent appearmg solely in the alloys richest 
in eai-bon, and that have been cooled from a very high tem- 
jierature by immersion in ice water. It contains carbon, 
probably in solution ^>er se.^ This notwithstanding, it is so 
soft that it can be scratched by a needle, by apatite, and 
probably also by fluorspar. 

When smooth poUshed, it has a faint grey appearance, 
whereas martensite is silver white ; in comparison with 
martensite it is not appreciably deepened by relief polishing. 
Iodine or nitric acid will impart steins. 

Ab the pei'centage of carbon increases, so also the pro- 
portion of austenite, up to about I'G per cent, of carbon, 
beyond which limit a progressive separation of carbide occura 
Undei' the moat favoirrable conditions of hardening — which, 
however, must be determined for each kind of steel — mar- 
tensite and austenite appear in equal proportion. 
is apparently non-magnetic. 



' Rev. gill, dea t 
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(A) Pmrlitr (FigB. 56, 57, Plate VHI.). Sorby first d&- 
scritwd, under the Dame " pearly constituent," a liinary com- 
piiund conRiHtiiig of altyi-nftte bai-d and very Boft laniells"; 
this wftB afterwards named "Pearlite" \>y Howe. Under 
angular illumhtation this body exliibits a nacreous iridescence 
(hence its name), provided the soft and more attackable 
lamella; be only gi'ound out to a sutlicient deptli. After 
chemieal analysis had revealed the presence of cemeiitite 
(FejC) in all kinds of steel, especially annealed sorts, it was 
generally concluded that pearlite constitutes a mixture of 
cementite and ferrite. Is this invariably so ? For instance, 
take a hard steel, containing 1'25 per cent, of carbon, that 
has been annealed at 750° C, and consists almost entirely of 
pearlite. This, if groimd with colcothar and water on parch- 
ment, clearly reveals the alternating lamellie when illuminated 
in the usual manner under the microscope. Generally the 
lamellar structure is readily discernible (as found by Sorby), 
but is veiy irregularly developed, and sometimes in such 
faint relief that the photographic reproduction of the pic- 
ture, magnifieil 800 times, is qiute devoid of detail. This 
leads to the assumption that the alternating lamella; do not 
always exliibit a difference of hardness corresponding to that 
of cementite and ferrite. The absolute thickness of the 
lamellie may, however, play some part herein, and it may be 
that the finest of them, liaving a thickness of only O'l {t, 
cannot offer sufficient resistance to the act of polishing, 
either because the granules of the colcothar are relatively 
too coarse, or the lamella! are too brittle. On prolonging 
the experiment with etch -grinding, the isolated parts offering 
a poor resistance to colcothar sustain very little alteration; 
on the other hand, after a few hundred revolutions, many of 
them commence to colour, the shade passing from yellow to 
brown, purple, and blue. At each separate mom en t the 
colours of the individual islets are very different ; moreover, 
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i and the same islet, accoriling to the orientation o( 1 
the laniella?, the patina may be coherent and exhibit all ] 
varieties of hands, or else interrupted, the unstained lamellae ] 
being depressed or in relief. Similar results are obtained with | 
iodine. Now, under these circumstances, no coloration ia 
furnished by eementite or ferrite, either with iodine or 
litjuorice extract. Consequently we are in presence of a 
new primary constituent, which has been named " Sorbite " 
by Osmond, in honour of Ur. Sorby, one of the earhest ' 
pioneers of metallography. 

The foregoing facts show that the alternating lamella! of 
pearlite may consist of eementite and sorbite, sorbite and 
ferrite, or of two differently coloured varieties of sorbite ; or, 
finally, of eementite and fenite, with or without an intermediate 
filling of sorbite. Osmond believes that ferrite and eementite 
never come into absolute contact, though he ia unable to 
demonstrate this on account of experimental difficulties. 
Moreover, from what is known of the eementite content of 
Bteel, and of the surface it presents iu a preparation, it is 
probable that a portion of the eementite in sorbite is so finely 
divided that even a magnifying power of 100 is insufficient 
for its recognition. 

Pearhte is found only in annealed steel. In specimens 
polished in relief, pearlite stands up in comparison with 
ferrite. i 

In addition to the scaly pearlite described above, Osmond 
distinguishes another modification of thin conartituent, to. 
which he gives the name of granular pearlite. The only 
difference between them is that the latter has a granular 
structure, and is consequently destitute of the iridescence' 
exhibited liy the lamellar variety ; for which reason OHver 
Arnold has objected to the application of the name pearlite, I 
to the granular modification, and proposes that it should be- 
called sorbite. However, since this latter name is already. 
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appropriated to auother subBtance, aud would therefore ] 
duce confitBion, its adoption cannot be recommended. 

Lamellar pearlite appears in particular beauty in i 
that has been allowed to cool veiy gradually from a 1 
temperature without disturbance. Granular pearlite, i 
other baud, is found in Hteel that has lieeii forged down I 
a comparatively low temperature, or merely re-heated to 1 
lower temperature. 

(j) Sorbite (Osmond) occurs merely as a stnicturaJ elemed 
of pearlite. Its microscopical reactions have already 
described ; but nothing further is known as to its cbemiei 
composition, and, in the absence of a method of separatio 
tliis problem is not easy of solution. That it contains carht 
is, however, certain from the fact that it is stained by i 
tincture. In view of the circumstance that the whole of tlj 
carbon in the steel is not entirely confined to the cementite, 
it seems pi'obable that the carbon of sorbite is a kind of 
hardening carbon (see Book III.), which is liberated in 1 
gaseous form by Miiller's method, and gives a comparativd 
slight stain with nitric acid. Furthermore, it e 
represent a kind of intermediate stage between martens^ 
and cementite. 

(k) Troostite (Osmond) occurs most clearly defined i 
medium hard steel. Take, for example, a metal contain 
0'45 per cent, of carbon, heated to 825° C. and hardened i 
690° C. When this is ground with colcothar oi 
ment backing, it exhibits granules in relief, a number \ 
depressions, and, between the two, inteimediate cord-like layi 
of medium hardness. After etch-grinding, it is foimd ' 
the hard granules consist of mai'teusite, and the depre 
portions of ferrite ; whilst the intermediate ban 
coloration, though less rapidly than sorbite, and the colouj 
resemble irregular marbling. Their structure is alir 
entirely amorphous, slightly granulated, and warty. 
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A similar effect is produced by iodine tinctm-e. 

Osmond named this substance Trfuwtite, after the well- J 
known Frencli sciential Tmost 

It is evident that troostite forms an intermediate stage X 
between soft iron and hardened steel. However, like sorbite, 
it has up to the present only been determined by its micro- 
scopical reactions, and its exact chemical composition still 
remains to be ascertained. 



According to the foregoing, the following characteristto j 
properties are aVEuJable for the recognition of micrographical'l 
structural elements. 

1. Eelief polishing shows up the hardest constituents^! 
especially cementite, in relief. 

In order to obtain a clear view of the structure of ferrite, I 
it is often adv-isable to employ Vienna lime as weE as col- 
cothar in relief polishing. 

2. Etch-pohshing with Vienna lime and liquorice extract, 
or with ammonium nitrate, produces the following results : — 

(a) Unstained. ■ — Ferrite, cementite, martensite, and 
austenite. 

{b) StatTifd, — Martensite, austenite, ti^oostite, and sorbite. 

Martensite assumes merely a yellowish coloration, and is 
recognised by its crystalline habit, A less experienced ob- 
server might confound martensite with pearhte, since both of 
them are iridescent under angular illumination, and, besides, 
their sti'uctural elements may be of equal size. Differentiation 
is, however, an easy matter, the needles of mavt«nsite being 
straight and intersecting, whilst the lamelhe of pearlite are 
crooked and do not intersect. Feriite and cementite differ 
greatly in point of hardness, on which account the former 
appears as depressions, the latter in relief, Troostite stains 
to a smaller extent, and more slowly than sorbite. The great 
distinction between tliem, however, is that the former only 
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accompanies martensite, wliilst the latter is associated with 
comentite and pearl ite. 

.*>. Etching with iodine tincture gives the following 
results : — 

(a) Unstamed. — Ferrite and cementite. 

(6) StaituiL — Sorbite, troostite, martensite, and austenite. 

Of the structural elements making their appearance when 
other fundamental substances besides carbon and iron are 
present, we will now merely refer to high-grade manganese 
steel and nickel steel. These exhibit neither pearlite nor 
martensite. Manganese steel chiefly consists of polyhedral 
granules, intersected by one to two systems of cleavage, 
which approximate more closely to austenite in behaviour. 
After prolonged cooling, the granules are enveloped in 
cementite, but when the cooling proceeds rapidly the cementite 
has no time to separate out, and is therefore undiscoverable. 
Nickel steel behaves in a very similar manner. That the 
assumption of a resemblance between this form and austenite 
is correct, will be seen later in treating of the behaviour of 
such steels during cooling, etc. 

In special steels certain hard crystalline depositions not 
infrequently occur, which are now classed as " cementite " ; 
but since their composition is often different from that of 
ordinary cementites, it will soon be necessary to invest them 
with another appellation. Particulars regarding these and 
other depositions in iron alloys will be given in Book III. 



CHAPTER TV 

RELATION BETWEEN MIOROGEAPHICAL COMPOSlI 

OARBON-CONTENT, AND THERMAL TREATMENT OF 
IRON ALLOYS 



Leaving out the non-metallie elements (cavities and slag) 
appearing in iron alloye, we find that the nature and quantity 
of the other structural elemeuta differ both according to the 
composition and thermal treatment of the alloys themselves. 

Graphite and free cementite are found only in alloys rich 
in carbon, tree fenite only in thoee poor in carbon. Mar- 
teiisite and austenite appear solely in hanlened iron, whilst 
pearlite is found only in iron that has been slowly cooled or 
annealed. i 

Pearlite or loartensite may occur in association with free 
feiTite or free cementite, whereas the two latter structural 
elements never appear togethei'. 

All these phenomena speak in favour of the formation of 
these various forma from liquid or solid solutions, as we shall 
see more clearly later on. Nevertheless it will already be 
easily comprehended that, from a concentrated solution of 
carbon and iron, only the first-named will be separated (as 
graphite), whilst only iron carbide (as cementite) will separate , 
from a concentrated solution of iron carbide in iron; and j 
that consequently ferrite ami cementite cannot be separated | 
simultaneously. According to this view, we must assume \ 
martenaite to be a solid solution of iron carbide in iron, i 
support of which we shall have numerous other 
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advance later. Pearlite then eoiTesponds to the eotectic mix- 
ture of ferrite and ceraeutite, and as a matter of fact Ponsot, 
iu 1859, showed with eutectic mixtures of coloured salts nuil 
ice that these mixtiu'ea consist of alternate crystals of ice 
and salt, the latter either in the anhydrous or hydrated 
condition. 

In many instaocea the microscopical investigation of tlie 
manner in which the deposition of the structural elements in 
question has been effected, aflbrds additional information. 
Special interest attaches in this connection to the researches 
of H. Behrens on the microscopical structure of metals and 
alloys, for which reason we will consider the same more 
closely. 

In the case of grey iron the combined carbon is distri- 
buted unequally ; this is indicated by the iiTegular coloration 
produced by pickling, the unequal attack in etching, and the 
irregular hardness after heating to redness and quenching. 
Fine-grained varieties of gi^ey ii'on, when annealed up to 
reddish brown, exhibit rectangular cryatalliths composed of 
violet-tinged spheroids and a yellow or orange -coloTU*ed net- 
work. The darker annealing colour belongs to the more 
easily and reatlily annealed u'on, rich in carbon ; and since this 
fuses at a lower temperature than u'ou poor in carlxin, the 
spheroids cannot very well be globnlitha, nor the lines of the 
network mother liquor, although both give rise to this im- 
pression in the microscopical picture. Etching with weak 
nitric acid or chromic acid imparts a dark colour to the 
spheroids, and considerably corrodes the network. The most 
instructive pictures ai'e afforded by etching with hydrochloric I 
acid. Acid of sp. gr. 1'2 may be allowed to act for three 
minutes, but stronger acid, which gives clearer pictures, must 
be swilled off after thirty seconds, the etching being repeated 
if necessary. The portions rich in carbon remain white and I 
lustrous in the acid, whereas iron poor in carbon is grey and 
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dull. It thus beeomeH evident that in most apecimens of ] 

coarae-grained grey iron, and iu many samples of fine-grained 
iron, the portiona poor in carbon are asaociated with the 
occurrence of graphite scalea, whereas other speeimens show 
ID addition a decidedly cryatalline atructiire, or incipient 
tracea thei-eof, in the parta where the graphite scales are less 
plentiful. Since the carbon-content of grey iron (O'O to 
1'5 per cent.) differs little from that of steel, a capacity for 
hardening and a certain workability would be expected ; 
and experiments directed to that end have ahown that both 
properties appertain to all kinds of grey iron, though not to 
the same extent. Coarse-grained grey iron (Lowmoor iron) 
seems, by rapid testing after quenching, to he just as soft as 
before ; but if a quenched sample be crushed to coarse 
powder it will be found to contain hard granules that are 
absent in the powder from unquenched speeimens. The 
forging capacity ia very low. 

Medium and fine-grained grey iron can be more uniformly 
hardened and more easily forged, without attaining the flexi- I 
bility and elasticity of forged cement steel, which it often J 



Sections of graphite scales are usually t 
one or both aides, by a washed-out edging, which, on being ' 
tested by oxidation or etching, proves to consist of iron 
poor in carbon. This ia a phenomenon correaponding to the 
light aureoles surrounding microlitbs and crystallitha in 
many blast-furnace alaga and vitreoua rocks. It might be 
aaaumed that spontaneous deposition has occuiTed in both 
eases, and that the clouding cryatalline particles in the 
immediate vicinity of larger cryatala are absorbed 
' attmcted by the latter. Against this hypothesis comea the J 
circumstance that, in addition to a majority of tluU glasseo I 
with clear aureoles, there is also known an important minority 1 
of clear glasses, coloured by iron, exhibiting colourless aureoles. I 
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It is more probable that, as Behrena believes, the presence 
of these halos can lie explained by the bebaviour of super- 
saturated solutions towards crystals of the salt that ie dis- 
Bolved in excess. Even this, however, does not seem to be 
quite accurate, since the introduction of crystal nuclei into 
aupersaturated solutions merely effects the crystalliBation of 
the excess of the salt, and nothing further. 

White iron, rich in carbon, can be converted into grey 
iron by fusion at a high temperature. Slow cooling plays a 
part in this process ; nevertheless, the deposition of graphite 
seems to be brought about by the absorption of silicon. The 
microscope affordfi little clue to this operation. 

The microcheraical examination of the above-mentioned 
aureoles teaches that they contain silica ; whether in larger 
proportion than the intervening portions richer in carbon is 
unknown, though this is probably the case, since, according 
to Weddii^,^ the particles of iron, not infrequently embedded 
in the graphite scales, often contain more silicon than the 
■main body. It may be considered as certain that the 
deposition continues to occur until the gi-ey iron is fully 
BoKdified, since otherwise the formation of the aureoles poor 
in carbon would be impossible. Moreover, this also follows 
from their fairly I'Cgular distribution through the mass of 
the grey iron, whereas, if deposition had ceased at an earlier 
period, the graphite would necessarily, by reason of its lower 
Bpecific gravity, accumulate at the surface of the metal. 

We shall learn more about this process later on. 

The occurrence of graphitic particles of iron in groups in 
mottled pig iron, moreover, indicates that a separation of 
the iron into two different parts may occur before the deposi- 
tion of graphite has concluded. 

Again, not merely the chemical composition, but also the 
thermal treatment of the iron alloys, has an important influ- 
^ llaiulbiich dcr Eisenkiilteiibiindc, 2nd oditiou, vol, L p. 2S. 
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ence on the nature (jf the Btriictural eleiiientB appearinj 
therein. 

Thus the deposition is complete at 1130° C. If a pi 
iron be suddenly cooled down from a higher temperature 
below this poiut, the deposition of graphite will be suddenly 
inteiTupted, and the iron will therefore contain less gi'aphite 
than if it had been cooled slowly. If the iron had contained 
BO little graphite that deposition would not occur aboTe 
1130° C, then the suddenly cooled metal would not contain 
any gi'aphite, and would become white, whereas if cooled 
slowly it would have been grey or mottled. 

The processea in solid metala are very similar, except 
that in these the conversion temperatures of the different 
Btructural elements mostly differ according to the composi- 
tion. This applies to the conversion of austenite into 
marten site, the deposition of cementite or ferrite from 
martensite, and finally tlie conversion of martenaite into 
l»arlite. 

If the metal be slowly cooled or warmed to above these 
conversion tempemturea, the conversion will occur, whereas 
this will not be the case if the cooling be effected suddenly 
(by quenching) to below the conversion temperature, 

Tliis beha™ur forms the basis of the two phenomena 
known respectively as the hardening and annealing (softening^ 
of steel, and which will be fully discussed later on. 

Mention has already been made, in Chap. II. Book I., 
critical points, temperatures, and temperature zones ; and ia, 
Chap. VII. it was stated that such critical points occur not, 
only in liqiud solutions, but also in solid solutions. It 
also shown that solution curves are obtained by conneeti 
analogous critical points. 

Fig. 58 represents these curves in accordance with 
latest determinations made by Eoberts -Austen ' for i 

* Ff/lk Erpoi-l la the AUmja Scseitrch CuminiUsp of the List, of Mecli. Eng., 1. 
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carbon alloye. A B represents the solidification of iron, it | 
being left undecided whether the deposition is one of pure 
iron or of a solid solution of carbon in iron. B D corresponds 
to the deposition of gi'ajihite, and a B c to the solidification of 
a eutectic alloy of iS per cent, of carbon and 95"7 per 
cent, of iron. I 

The critical points occurring in solid iron-carbon alloys J 
correspond to the following curves i — - ] 

G- represents the ciitical piints marked A^, at which 1 
ferrite is deposited from inailensite during cooling. I 

M represents the critical jwints marked Aj, at which 
also ferrite is deposited from marteuaite. The horizontal 1 
course of this line causes it to appear a eutectic one, bnt we j 
shall afterwards find another explanation therefor. | 

S corresponds to the critical points marked Ag, ^ ; here 1 
also a deposition of ferrite occurs. 

S E, corresponding to a number of critical points, which 
have not received any special designation, is caused by the 
deposition of cement ite from martensite. Osmond first 
proved this curve, not by critical temperature determinations, 
bnt by microscopical investigation. If, for example, a steel 
with 1'5 per cent, of carbon be hardened as much as poBBible, 
Bay by immersion in ice water, the resulting microscopical 
picture differs considerably in accordance with the hardening 
temjKrature, When the hardening temperature is 1100° C. 
or higher, only traces of cementite are found; if 800° C, 
then cementite is present in abundance ; consequently the | 
deposition of the iron carbide must cflmmenee at a tern- i 
l>erature residing between these limits. Ou heating a rod 1 
of the Bame steel to 1100° G. at one end, whilst the other! 
end remains below d\dl red heat, and then hardening in ice 1 
watei' and exanjining a longitudinal section under the micro- , 
scope, the cementite is found to be lacking at the end ex- i 
posed to the greatest beat. It commences to apjiear at a 
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certain poiiit corresponding to a definite quenching tempem- 
ture, the proportion increaeiug with the falling faardening 
temperature to a certain value depending on the composition 
of the steel ; and, finally, martensite is replaced by pearlita. 
Now, 80 far as the occurrence of a critical point in the 
deposition of cenientite and martensite ia concerned, it must 
not be forgotten that this deposition goes on Ijetweea wide 
limits of temperature, and that the resulting evolution of 
heat is only slightly ai)pi-eciahle, and therefore easily over- 
looked. Nevertheless, it was observed on several occasions 
and with different kinds of steel, both by Osinond and 
Hoberts-Austen. That it is not always found is due to the 
fact that we have here fre(]ueutly to do with supersaturated 
solutions, in which the presence or absence of depositioas 
depends ou the presence or absence of crystal nuclei 

P S P^ coiTesponds to the conversion of martensite into, 
pearlite, PS repi^esenting the critical point Aj, whilst fiP^ 
represents the critical points Aj, 9, j. 

Finally, the line A U — drawn by the author on the baaia 
of two repoiie by Osmond — is the per cent austenite carve, 
i.e. embraces temi>eratures at which the conversion of auBtenite 
into martensite is .just complete. A similar hypothetical line, 
A Ui — the 50 per cent, austenite curve (wluch, however, is 
based on only a single report by Osmonil) — would represent 
the appearance of eqnal propoiiions of austeiiite and 
martensite. 

According to the foregoing, auatenite and martensite — ; 
which therefore, in our view, are solid solutions of iron 
carbide, or of elemental carbon in iron — occur in association. 
We have already seen that in the case of mottled iron a 
sepai'ation of the mass into two differently composed parte 
is probable, even whilst solidification is in progress ; since 
otherwise the frequent accumulation of alternate white and 
grey portions in such iron would be inexplicable. In thia 
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case we have apparently bo do with the simultaneous appear- 
ance of several, only partly uiiecihle ]i(Hiii!8, in the same 
manner as actually occurs in certain atjueous solutious. 
Thua, accorthug to G. S. Newth,' when a strong aqueous 
Bolntiou of aiumunia (ap. gr. 0'880) is shaken up with a 
satm'ated solution of potasaium carhiraate, two sepai'ate layers 
are formed, just as in the case of oil and water. At the 
ordinary temperature the potassium oarhouate dissolves ahout 
37 per cent. (voL) of the ammonia solution, whilst the latter 
takes up ahout 6 per cent, of the potassium carbonate solu- 
tion. The solubility of each aolutiou ia the other increases 
as the temperature rises ; and the curves of soluhility intersect ; 
at 43° C, above which temj>erature the liquids are miscible i 
in all proportions. The mutual soluliility ia also increased by ' 
the addition of a little water. An addition of 129 per cent, i 
of water causes a cessation of the special phases above 1 0° C, | 
whilst with an addition of IS^l per cent, of water the liquids 
are rendered miscible in all proportions at all temperatures I 
above zero C. When cooled below this critical temperature, 1 
however, the clear solution immediately becomes turbid, a 
separates into two liquids. 

Natiu^Uy, the same alterations are produced by warming 
as by cooling, but in the opposite direction ; nevertheless, the 
critical points appearing in this case {calescence points) do 
not exactly coincide with these occun-ing during the cooling 
process (recalesceuce points), the former being always a little 
the higher of the two. The calescence points are indicated 
by Ac (Aci, Acj, Acj, Acj, g, Ac,, 2, 3), the others by Ar (Ar^, 
Arj, A13, Arj, ^, and Ai\, g, 3). 

Pure iron exiiibits only the points A^ and Aj ; alloys with 

0-0'26 i>er cent, carbon show the points A„ A^, and A^; 

between 0'25 and 0'82 per cent, carbon there occur only two 

critical points (Aj, 2 and Aj); and steel with more than 0'82 

I Pio. CJam. Soc., Sth A[irii IfiOO, 
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per cent, carbon has only one ilefiuite criticiil {Mniit (Aj, j, j), 
whicli, however, always appears. 

The Jeaiguations Aj, j and A,, o. a imply respectively 
double and triple (xtintu, in whicli the points A, and A^ or 
A„ Aj. and A3 coincide. The reaaons favouring this asaump- 
tion will be evident later on. 

It must also be mentioned that the convereions ia quBBtion 
are not effected at exactly a gi\'en temperatuiij, but within 
certain temperature limits, and that the critical irointu repre- 
Bent the maxima of evolution (or absorption) of heat within 
the Haid limits of temperature. 

Ileference should also be made to auother remarkalJe 
>ehaviour of iron alloys very poor in carbon, which may best 
ye studied in an example observed by Howe and Sauv-Bur, 
namely, a steel with 0-09 per cent, of carbon- 
Mi cBoenAFH ic a l COMPOBITION Ol' StEKF. WITH 09 PBH CENT, 
OP Cabbmn. 
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Above Apj the steel consists of 77 per cent, of marteosite | 

nd 23 per cent, of ferrite; the marteneite, however, contain- 
ng only a very small proportion of carbon (or ii'on carbide). 
SVhen etched with iodine or nitric acid it asaumea a pale 
rellow coloration, and is not very hard, since it is readily 
cratched by a needle. Between Ara and Ar^ the steel oon- 
ists of 27 per cent, of martensite, distributed in iiTegular 
n-anules throughout the matrix of free ferrite. The 
uartensite of this specimen is much harder than that of 
he previous one, and asaumea quite a dark colour wlitjhJ^ 



etched. It is very hard, forms a decided relief when poUahed 
on a soft underlay, and cannot he scratched by a needle. 
Between Ar^ and Ai\ the pi'oportion of martenaite undergoes 
still further chminution, since it fonus only 1 1 per cent, (vol.) 
of the entire mass. During the retardation Ar^ about 15 
per cent, of the ferrite present in the martenaite at higher 
temperatures separates out, thus increasing the amount of 
free ferrite to 89 per cent. After quenching below Ar^, the | 
structure is found to consist of 1 per cent, of pearlite and 90 
per cent, of free ferrite. During the critical point Arj the I 
11 per cent, of martensite present above that temperature i 
disappears, 1 per cent, of pearlite and 1 per cent, of fen-ite 
being formed ; and the microatmcture of the same steel, after 
slow cooling, is similarly constituted. Consequently quench- | 
ing below the critical zone neither altera the temperature nor 
the relative proportions of the constituents ; and this applies 
to every kind of steel. 

Accoi-ding to Sauveur, above Ai';,, 0-12 part of carbon 
can unite with 9 9 '8 8 parts of iron (it being assumed, for the , 
sake of siniphcity, that the steel consists exclusively of iron 
and carbon), or, in round iigm'es, 1 part of carbon to 800 parte 
of iron, to form mai-tensite. The martensite can no longer 
absorb ferrite ; and if the steel contain less than O^l 2 per cent. 
of carbon, the unabsorbed excess is present as fi-ee fenite. 
Between Ar^ and Ar^ we find 0'2o part of carlren to 99-75 
of iron, or 1 part to 400. In this temperature zone niaitenaite 
can no longer absorb ferrite, and any excesM present remains 
free. Between Aij and Ar, the amount of ferrite capable of 
uniting with carbon to form martenaite is still smaller, namely, I 
0"5 per cent, carbon to 99"5 per cent, iron, or 1 part to about I 
200. Any further quantity present is unabsorlied. Here 
we have a point which might he tei'raed the saturation point 
0/ carbon for iron. 
^L From this, however, follows the notable fact that ii'on 
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alloys very low in carbon may still contain free ferrite even 
above Arg ; and this is confirmed by the following observa- 
tions of Osmond in the case of steel with 0*14 per cent, 
carbon, 0*045 per cent, silicon, 0*018 per cent, sulphur, 0*01 
per cent, phosphorus, and 0*19 per cent, manganese. 



Heating and 

Ilarrleiiing Temperature, 

Degrees C. 



Heated to 960 C, queuehed at 

670 C. (between Afj and Ai\,) 
Heated to 960 C. , quenched at 

770 C. (between Ai'o and Ar^) 
Heated to 960 C. , quenched at 

820 C. (mean ot Ars) 
Heated and quenched at 

1000 C 

Heated and quenched at 

1340 C 



Martensite, 
per cent. 


Ferrite, 
per cent. 


14 


86 


24 


76 


46 


54 


61 


39 


90 


10 



Approximate 
C-conteut 

of the 

Martensite, 

per cent. 



1-0 

0-58 

0-30 

0-2.*} 

0-16 



Parts Fe 

perl part 

C. 



99-00 
171-41 i 
332-33 
433-78 
624-00 



This compels the assumption that in the case of very soft 
steel there must exist above Av.^ a critical point (Ar^), which, 
however, is apparently difficult to observe on account of the 
inconsiderable evolution of heat. The curve corresponding to 
this series of points is shown in its presumptive course by 
the dotted lines in Fig. 58 ; it connects the curve GO with 
the fusing point A of pure iron.^ Anyway, there is also a 
probability that the small quantities of ferrite remaining when 
iron poor in carbon is heated above Arg would disappear were 
the substance heated long enough to Arg, since these reactions 
proceed very slowly in solid solutions. Further investigation is 
therefore necessary before any final conclusion can be formed. 

The manner in which the microstructure of steel con- 
taining large percentages of carbon changes with the harden- 
ing temperature, can be gathered from the following data 
collected by Sauveur (and partly by Howe) : — 



^ The author has already referred to this in his paper, **The Solution Theory 
of Iron and Steel " {Joiini. Iron and Steel IiisLf vol. L). 
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Steel with 0-21 per 


CENT. CaII] 


BON. 
tficrostructun 






] 


» 

*• 


Hardening 


Position of 
Hardening Temperature with 








'emperature, 








Deg. C. 


r^ard to Critical Point. 


Martensite, 


Ferrite, 


PearUte, 






per cent 


per cent. 


per cent. 


880 


"v r 


100-0 








836 




100-0 








797 


-Above Ar., 


100-0 








761 




100-0 








733 


■t «. 


100-0 








714 
713 


> Conimencenient of Ar^ . \ 


97-20 
86-00 


2-80 
14-00 






698 


Middle of Ar., . 


70-20 


29-80 





652 


•Between Afo and All 


35-20 


64-80 





650 
633 


30-80 
32-00 


69-20 
68-00 


\ 


626 


31-50 


68-50 





620 


Commencement of AF| 


30-00 


68-40 


1-60 


600 
595 


JEndofAFi . . •( 


4-00 
2-00 


78-50 
75-80 


17-50 
22-20 


675 


■ 





78-90 


21-10 


532 







76-80 


23-20 


512 
340 


►Below Afj 






77-00 
77-40 


23-00 
22-60 


263 







75-20 


24-80 


200 


■ 





76-40 


23-60 

1 



Steel with 0*35 per cent. Carbon. 



Hardening Temperature. 


Martensite, 
per cent. 


Ferrite, 
per cent. 


Cementite, 
per cent. 


Pearlite, 
per cent. 


Above Arg .... 
Between Af^ and Afj . 
Below Afj .... 


100-0 

56-0 

0-0 



44-0 
50-0 




U 






50-0 





Steel with 0-8 


PER CENT. 


Carbon and over. 




*er cent. 


Hardening Temperature, ^^if^^^ 

1 


Ferrite, 
per cent. 


Cementite, 
per cent. 


Pearlite, 
per cent. 


0-80 1 
1 -20 1 
2-50 1 


Above Afj 
Below Afi 
Above AF| 
Below Afj 
Above Afj 
Below Afi 


100-0 

0-0 

94-0 

0-0 

80-0 
















6-0 

8-0 

20-0 

23 






92-0 


77-0 



1 And also partly of austenite, which was still unknown at the time these experiments 
ere made. 
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A8 can be seen, the alterations in the microstructure 
generally coincide exactly with the critical points. The only 
exceptions are the deposition of ferrite in iron very low in 
carbon, and the conversion of austenite into martensite, 
or deposition of free cementite from the latter, as already 
mentioned. 



CHAPTER V 

THE MICHOSTRUCTURE OF SLAGS 

i'OK the sake of conipleteneaa we will now proceed to the 
consideration — even if only in a cm-soiy fashion- — of the 
microBtructui-e of s\&gs. The most complete investigationB 
on this point are those of J. H. L. Vogt of Christiania,^ which 
well deserve to be thoroughly studied by all who are interested 
in this subject. 

As in the case of rocks, the mici'oscopical examination of 
slags is eonducteil with thin sections of the material. 

The minerals discovered in slags by Vogt (a few of which 
do not seem to be present in natui'al rocks) are almost ex- 
clusively developed as skeleton crystals, mainly on account of 
the rapid cooling inevitable in practical smelting. If, how- 
ever, as the result of a combination of special circumstances, 
the stage of cooling be protracted over a numbei' of hours, or 
even extended to days, perfect crystals ai'e formed, as the 
labours of other mineral syntheaista have shown. 

The following minerals were detected in slag, by Vc^ : — 



A. Pyroxene Grol-p (Ho . SiOj). 

Angite, chiefly in Swedish blast furnace slags, which not 
infrequently contain free, fully- developed crystals of the 

' Vtrhandlvjigm der k. sehmed. Akad. d. IFttsenKha/teii, 1884, vol. ii, 
'So. 1 ; J'mkmtnreU Aminler, 1885, "Beitrage zur Kunntnia der Gwcbie dor 
Miiiei-fllhilduiift i" Sfbrnelzmauwii," Cliriatiauia, 1892. 
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mineral. It often appears in the typical forms shown in 
Figs. 59, 60, 61, and 62, Plate IX. The crystals are mono- 
clinic, and the com})()8ition is as follows : — 

m ((Mg,Fe)0,CaO,2Si02) + n [(Mg,Fe)0,(Al,Fe)208,SiOJ. 

Sections through the crystals frequently reveal the forms 
shown in Figs. 63, 64, and 65, Plate IX. 

A distinction exists between non-aluminous and aluminous 
augite. The former varies in composition between — 

.SCaSiOa + MgSiO^ = CaMgSigO^ + CagSi^Oy 
(corresponding to a maximum content of lime) and — 

CaSiOa + :}Mg(Fe)Si03 = CaMg(Fe)Si206 + Mg2(Fe2)Si20g 
(with a maxinmm of MgO and FeO). 

The other has the fornmla — 

KSiOg + n Al2(Fe2)Si30g. 

Augite is deposited when the composition of the fused 
mass approximates to the formula ESiOj + n AljSisOg ; whereas, 
when the composition is KSiOg + ?i AljOg, other minerals 
(olivine, melilite, and gehlenite, magnesitm mica, plagioclase, 
etc.) make their ai)pearance. 

Alumina and ferric oxide seem to play very subordinate 
parts in the i)yroxenes. 

Enstatite (MgO-pyroxene) may occur in bisilicate slags 
rich in MgO ; it is one of the rarest of slag constituents, 
crystallises in the rhombic system, and may be expressed by 
the formula MgOSiOg. No freely developed crystals have 
yet been found. Fig. 66, Plate IX. shows two sections, parallel 
and perpendicular to the axis. 

In addition, there is a dimorphous, mono- or asymmetrical 
MgSiOjj variety. 

MgSiO.^, like calcium silicate ((JaSiOg), is polymorphous, 
and ap])ears — 

1 . Alone or with FeSiOa, in the rhombic form, as enstatite. 

2. Monosymmetrically or asymmetrically, as magnesia 
pyroxene. 



Wollastonite (CaO -pyroxene) was not detected in free 
erystalB. It crystalliseB on the monoclinic ayBtem, and has 
the formula CaOjSiOg. Fig. 67, Plate IX. shows its appear- I 
ance in sections. 

Rhodonite (MnO-pyroxene), in contrast to the two fore- 1 
going bodies, easily ffinns large and well-definetl ciystals. lo 
accordance with its composition, this mineral (MnO.SiOj) 
chiefly occurs iu bisilieate slags rich in manganese (mainly 
in acid Bessemer slag from pig iron rich in manganese). 
Such crystals aie shown in Figs. 68 and 69, Plate IX., the ; 
appearance of the sections in Fig. 70, Plate IX. 



B. Olivixe Ueoui' ((ftO)^. SiOg). 
To this group belong— 



Fiirsterite .... 
True liliviiif 
Fnyaiite (iron-ciliviiie) . 
Tepliroite (manganese-oliviue) 
MonticelUte (calcareoue oiiviiif) 



(MgO)2 . SiOy 

(MgO,reO),8iO.. 

(reO)3Si05. 

(MiiO,FeO)3SiO.. 

(CaO,MgO)8i02. 



All these minerals crystallise according to the rhombio 
system, have about the same axial ratio, and are very closely 
allied both in crystallographical and chemical respects. 
Pure lime-ohvine is not yet known, either native or as an 
artificial product. 

Olivine minerals readily crystallise from melts that are i 
rich in MgO, FeO, or MnO, and have about the composition | 
of singulosilicates. They form often finely developed crystaU J 
of the shape illustrated in Fig. 71, Plate IX. In sectione | 
they have the appearance shown in Figs. 72 and 7:.!, Plate IX. J 
(fayalite and owgnetite). and Fig. 74, Plate IX. (miignesia- I 
olivine). 



140 SIDEROLOGY: THE SCIENCE OF IKON 



C, Melilite-Scapolite Group. 
The minerals comprised in this group are— 



Melilite .... (RO)i2(Al203)2(Si02)g ; 
Gehlenite . (RO)3(Al203)(Si02)2 ; and 

Akermanite (R(J)4(iSi()2)3> ^ ^^^ mineral comparatively 

rich in Hme and silica ; they all crystallise in the 

tetragonal system. 

In the above formulae, EO chiefly represents CaO w: 
NagO and KgO, in addition to small quantities of Mj 
FeO, and MnO. The composition of the new tetragoi 
mineral, which is crystallographically and optically alii 
to melilite and gehlenite, corresponds to (EO)4(Si02)3. 
this case EO is chiefly CaO, with a little MgO, MnO, a 
FeO. 

All these minerals have about the same axial ratio, a 
crystallise, like the olivines, in one and the same type. Th 
occur in singulosilicate slags, and are fairly often fou 
developed as free crystals. Their appearance in sections 
shown in Figs. 75 and 76, Plate IX. 

The most important and characteristic base of the melil 
series is CaO, though a portion is represented by MgO, Mr 
FeO, or NagO, which latter also facilitate crystallisati 
During solidification the bulk of the lime passes into t 
melilite minerals, the main of the magnesia into the mati 
on which account olivine is frequently deposited sub 
quently. 

When, however, the proportion of MgO is high a 
the CaO low, olivine is the first mineral to separate c 
The line of demarcation between the deposition 
olivine and melilite, with regard to the ratio CaO (B 
Mg, Fe)0, is independent of the stage of silication of i 
magma. 



^.. 




^^ 



f" 
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The melilite minerals must be regardeJ aa mixtures of — 



Gclilenite silicate 
Akerraanitp silicate 



R^(Alg)SLjO,o 
K.8t,0,„ ; 



ami we thus amve at the folTowiug series : — 

1. Gehlenite (the most basic member of the gronp). 

2. Intermediate member between gehlenite and the 

optically negative melilite. 

3. Optically negative melilite. 

4. Optically isotropic melilite. 

5. Intermediate member between optically isotropic 

and positive melilite. 

6. Optically positive melilite. 

7. Intermediate member Ijetween optically positive 

meldite and akermanitp. 

8. Akeimanite 

A new hexagonal calcium silicate, fonuing a group by 
iteelf, is found in calcareous slags between 1-45 and 25 
silicate; microscopica] views of sections are shown in Figs. V7 
and 78, Plate IX. The composition of this alag constituent is 
CaO,Si03. This silicate, like MgOSiOj, is therefore di- 
morphous (woUastonite and hexagonal calcium silicate). 

Mica is rarely found in slag; and the same applies to 
willemite (ZnO)2Si02. 

Spinel (pleonast) of the composition RO . Al^O^ crystallises 
in the tesseral system, and occurs in highly basic aluminouB 
blast-furnace slags. It is mostly in the form of octahedra, 
and is imattacked by hydrochloric acid, sulphuric acid, nitric 
acid, or hydrofluoric acid. In blast-furnace slag it chiefly 
occurs as MgO.AlgO^ 

In the same series are — 

Zinc spinel, in which MgO is partly or entirely replaced 

by ZnO (mostly together with a little FeO). 
Hercynite, FeO . AljiO^, hitherto rarely found in slug. 
Magnetite, FeO.FejOg. 
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Hausmannite, MnOjMngOg. 

Mangano-ferrite, (Fe,Mn)304. 

A mineral, CaOjFegOg (according to J. Percy and H. 

Tholander). 
Specular iron ore, etc. 

In vitreous enamel slags of a degree of silication exceed- 
ing 2*5, as well as in very basic enamel slags, numerous 
globulites occur. The composition of the globulites from the 
former is assumed by Vogt as (KO)2(Si02)3, whilst that of 
these in the basic enamel slags is probably (Ca,Mg,Mn)S. 

Vogt has arranged the numerous slags investigated by 
him in a graphical table (Fig. 79), in which the ordinate axis 
represents the stage of silication, whilst the axis of the 
abscisses represents the relation between the lime on the one 
hand, and the magnesia, ferrous oxide, and manganous oxide 
on the other. He also succeeded in detecting the extent of 
the limits within which the formation of the several minerals 

occurs, and in particular their position. 

The appearance of phosphates will be dealt with in the 

Fourth Book. 



BOOK III 

(JHEMKJAL COMPOSITION OF THE 
ALLOYS OF lEON 



CHAPTER I 

INTRODUCTION 

As is well known, the technical varieties of iron are in no 
wise pure metal, but contain a number of other elements, 
chief among them being — 

A. Princix)al constituents : Iron, carbon, silicon, sulphur, 
phosphorus, and manganese. 

B. Supplementary associate substances : Oxygen, hydrogen, 
nitrogen, arsenic, antimony, bismuth, copper, nickel, cobalt, 
chromium, tungsten, titanium, vanadium, molybdenum, tin, 
and zinc. 

Some of these elements are unavoidable, and then ieither 
essential for the purpose in view (e.g. carbon), or at anyrate 
usefid (such as silicon and manganese in many cases), or injurious 
(such as sulphur, and generally phosphorus). Others, again, 
are designedly introduced for the attainment of definite objects 
(e.f/. silicon in grey pig iron, phosphorus in Thomas pig 
iron, manganese in spiegeleisen, ferromanganese in manganese 
steel ; or like nickel, chromium, tungsten, etc., in special steels). 

The most important associate of iron, and the one 
influencing the manner of its technical utilisation, is carbon, 
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INTEODUCTION 

An attenijit has been made to clasBify the teclmical varieties ' 

1 according to the proportion of thia and other important ■ 

lemeats, as well as in accordance with the method of production. 

']. Gthj pig iron (a portioD of the carbou is deposited 
as grapl]it£ on cooling ;. tlie fracture is Erev in 
colour). Whan tha peroentage of silicon 
the iron ig termed ferroailicaD ; used for ~ ~ 
is called cast iron. 
'i. White pig iron (the carbon Teniaina in oorabina. 
tion ; fracture white). This is harder and 
brittle than gre; pig iron. 
3. Ferromanganasa ; carboniferouH alloys of 
ganeseand irou with high percentage of mangaDaae; 
the carTjon remains in combination on cooling ; the 
fracture is white or yelloaiah. 

'(n) Puddled ateel,' richer 
Id carbon (about O'G per 
cent, and over), nolid, 
cajiable of being har- 

(6) Bar iron (weldiug 
wrought iron), poorer in 
carbon {leasthanO'' — 
cent.), lest " " 
tougher and ii 
tile than bar steel ; 
cannot be apjireciabl]f 
hardened. 

■(([) Ingot ateel,' richer in 
carlion (O'S pec cflnt. 
and over], solid, capable 
of being hardeued. 

{i) Ingot iron, poorer in 
carbon (less than O'a per 
cent.), less Holid, but 
tougher and more duc- 
tile than the correspond- 
ing Btael ; cannot he 
- apjireciably hardened. 

This proposed classilication, which, however, has failed to 
Becure general adoption, was drawn up at the time of the 
Universal Exhibition in Philadelphia, 1876, by a committee 
(jomposed of the following members : — 

Germany, H. Wedding ; England, J. Lowthian Bell ; 
Fmnce, L Onmer ; Austria, V. Tnnner ; Sweden, Richard 
Akerman ; United States, A. L. Holley and Thomas Egleston. 

' In the PrUBBian Slate Railways tlie term steel is confined to such kinds of 
imn as exiiibit a tensile strength of at least 60 kiloga. ]ier iMj. mm. (71,114 ll«, 
per -sq. inch). 
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ireater fa\oui- has Ijeeu accordeil to the following classifi- 



■A. Cirej pig iron. With grkpliite. 

Catbon content, 3'G to i per cent, (of w\aeh fl'3 
tA0*5 (lerceDt. combiiied). FuBing ]>oiut, 1100~ to 
1300° C. (aocordiM t« Ponillet, 1100° to laOO'; 
Uruner, 1180°; Ledebur, 1276° C). 
Spetjiflo piavity — 

Dark grey . . 8-636 to 7-276. 
Light grey. . 6-916 to 7-572. 
Termed caat iron when KmiiloTed for caatins. 
Z(. Whitepigiron. With- - 



I. NoN-FonGKABLK luilM 

(pig irun). — Keadilv 
Araiile, melting xna- 
deuly when heated. 
Carlton couteiit, 2'3 ' 
G per cent, (up to o 
7 per cent, iu tlie c 
of feironiwiganese). 



t any large propor- 
iiun of graphite. 

Carbon aontant, 2*3 
tu S per cent. Faaing 
Iioint, 1060° to 1200'' C. 
(aeeording to ronillet, 
1050°toll00";Ledehur,. 
1075° ; Graner ; ™ege- 
leisen, ]0S5° ; white pig 
irun, 1122'' C). 



. Spiegeleisen. Carbttt 
content, 4 to 5 xwrcent; 
manganese content, i\a 
20 jier cent, and ofer. 



C. Ferromanganeso. Without any important pro- 
portion of graphite. 

CarboniferoDH alloys of icon and manganese, witL 
3D to over 80 per cent, of manganese, and ttp to 
over 7 per cent, of oarbon. 
. Wrought.' 

' ' ■ . . pared from the ji«at; 

condition, contttining 
slag (blouming fumaoe, 
finery, puddled, and 

2. 4ngot iron. Obtained 
from the liquid condi- 
tion, free from shig 
(Iteffiemer, Thomaa, r«- 
yerberatory I'limaca, iff 
"' ■■ ■ Hanin Fernot 



1800° to 2250° C.^ (ac- 
oordiug to Daiuelle,. 
1S87°; Pouillet, 1600° 
to 1600°; Camellay. 

(wrought i™n and .l\f-:^^\V.f^t 
steel). - Difficult to ^"j' ^'*' ' '"* ^ 
ftiae ; gradually softens ( 

when heated. Carbon I B. St<iel. Capable of being 
"" hardened. Carboni 






to 2-3 percent. 
Fusing point, 1300° to 
INOU'f.i (aeci>rdiiLg to 
I'oiiillct, 1300-toHOO'; 
Gruii|.i, 1350- to 1400°;- 
Ledebur, 1375° C). 

Sp.gr.: puddled steel 

inrods, 7-826to8-082 ; 

ingot steel, 7-JOO to 

7 ■825, 

■nt oUenations, these Buiires 



Ob- 



. Puddled steel. 
tained from the ■ 
condition, oonts 



and blirttered Hteel). 

I. Ingot steel. Obtained 
from the Baid state, free 
from elag (Beraetner, 
reTerberatory famace, 
or Siemoni!- Martin car- 
bon ateel. Cist uted, 
1. c. re-melt«d cruciblG 
cemEnt steel, etc.). 

■c ileuidEdly loo high. 
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With the ingot iron and ingot steel series must also be 
associated the so-called special steels, which, in addition to 
carbon, contain other elements (manganese, chromium, nickel, 
tungsten, etc.) added by design. 

The aforesaid associated substances present in iron are 
only in part in the elemental condition, partly in chemical 
combination therein ; and even those present in the former 
state in technical varieties of iron frequently assume different 
forms. In fact, the investigations performed within recent 
years have demonstrated that all the constituents of iron 
alloys appear in at least two different forms therein. 

It would, naturally, be a matter of particular interest to 
be able to ascertain exactly the intimate composition of the 
iron alloys, since this is the chief factor influencing their 
mechanical and physical properties. Unfortunately, however, 
progress in this direction has not advanced beyond the initial 
stages, as we shall see in the following pages. 



CHAPTER II 

CONSTITUENTS OF IRON ALLOYS 

Carbon 

According to the experience gained up to the present, iron 
that contains nothing but carbon exhibits the following char- 
acteristic chemical components : — 

A. Pure carbon, separating out as such, in the form of — 

(a) Graphite, crystallising in the well-known hexagonal 
scales, and separating out before, during, and immediately 
after solidification ; 

(6) Tempering carbon (also known as graphitic tempering 
carbon), i.e. amorphous carbon, which is deposited within the 
already solidified metal when the same is subjected to pro- 
longed heating at high temperatures ; and 

(c) (According to Eossel and Frank) possibly the diamond, 
which, however, (according to Werth and Moissan) cannot be 
deposited at any other time than during the brief interval 
when the metal is in course of solidifying, this being the sole 
period when the essential conditions prevail. 

jB. Carbon in the form of chemical compounds or in 
solution — 

(a) Carbide carbon, chemically combined with iron to 
form iron carbide, FcgC ; 

(6) Hardening carbon, as to the chemical nature of which 
divergent views still exist. 

The chemical character of the various forms of oarbon is 
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fevealed by their behaviour towards acids and other regents, 
i the Mlowiug table will show :- — 

, Graphite crystalliseB ou the hexagonal Kystem, and is 

lattacked even by boiling strong auids (not too concentrated 

utric acid). 

2. Graphitic tempering carbon behaves like gi-aphite io 

; of acida ; is black, histreless, and ([uite amorphouB j' 

iBma more readily than graphite. 

Diamond crystallises regularly and behaves like 
aphite towards acids. Its pi-eparation in a pure state is a 
ighly complex proeeas (see Frank, Stahl mul Hisen, vol, xvii, 
. 670). 

. Carbide carbon. Wlien heated with strong acids this 
(difieation of carbon is disengaged in the form of hydro- 
irbon. If the specunen of metal be dissolved in very dilute 
Pydrochloric or sulphuric acid at the ordinary temperature, 
mth exclusion of air, the " carbide " is left liehind as a grey 
or brown mass, which, according to Miiller,^ consists of 
granules with a silvery lustre, and igniting sixintaneously at a 
relatively low temperatiire on drying. On dissolving the 
sample of ii'on in cold dilute nitric acid of sp, gi'. 1'2, there 
forms a floeculent brown residue, which gradually dissolves on 
heating, without any evolution of gas, and furnishes a brown 
solution tliat sulfers but little alteration ou prolonged boiling 
(Osmond and Werth).^ 

5. Hardening carbon occuts, in tiaces at least, in all 
kinds of iron.* On dissolving the iron m dilute hydrochloric 
or sulphuric acid, this carbon is given oft a*" strong smelling 
hydrocarbon gas; when cold nitiic acid of sp. gr. 1'2 is 
employed, there forms at first a black deep residue, which, 
when shaken up briskly and left for a few minutes, dissolves 

' Slahl urarf SUea. 1888, ji. 292. 
'■' Ann. d. Mi!us, a, vol. viii. pp. 5-84. 

3 Probably an illnsioa, iron carbide itaclf buiug sliglitly Jeoomposed by 
rery dilute aceliu acid. 
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without any visible evolution of gas, but, if the solution be 

gradually heated to 100° C, ia slowly liberated in tlie ganeous 
state, the dark coloured solution becoming progressively lighter 
(Osmond and Wertb).^ 

To facilitate detailed description of the different forms nf 
carbon occurring in iron, they may be conveniently divided 
into two groups i^ 



A. CAimON IN THE KLEMEXTAKV FORM , 

(a) Graphite ' 

As ali-eady mentioned in Book 11., graphite seiomtes out 
in the form of thin plates — ofteu several millimeties in length 
and breadth, and sometimea decidedly hexagonal-^in solidified 
iron. According to Behrens, it is also found in the form of 
powder (pmbably very minute scales). In microscopical 
sections it assumes the form of distorted lines, not infre- 
quently intersecting at nuclear points, liebrens reports these 
as being edged on one or Iwth sides with an attenuated 
border, which proved to be iron poor in carbon but rich in 
silicon. Whether this aureole contains a larger proportion 
of silicon than the intermediate portions richer in carbon 
could not be ascertained, though probably such is the case, 
since, according to Wedding,- the i>articles of iron not infre- 
quently embedded in the graphite scales often contain more 
silicon than the hulk. This pheuomenon is apparently con- 
nected with the circumstance that the separation of graphite 
is facilitated by the presence of silicon (and aluminium). The 
frequently expressed supposition that crj staUine silicon is also 
deposited in addition to graphite, has not yet been confirmed. 
On the other hand, it would appear that the graphite is 
always accompanied by small amounts of iron and ita 
■U. - MaMbiich d. EiaciihUlteukmide, 2ud ed. vol. i. p. 29. 
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constitwentH (silknii in particular), as the following juialyae 
sliow : — 





Smim from n BlMt-hiniwe 
M ClOJence. 




portion, 


Non-iragnetw 
porMon, 
peruent. 




Carbon .... 
Iron ... . 

' Manganese 

Siliwn .... 
, Phosphorus , 

Sand .... 


B6.00 

1-70 
3-30 


HI -SO 
31 '20 


7B-32 
13-20 
1-26 
075 
1-42 


Total . . 


100-00 


lOO-OO 


100 00 



That the depo.'iitioii of graphite from iron rich in carbon ' 
is begun whilst the metal is still in a fluid condition, is shown ' 
by the appearance of a scum of graphite crystals floating oi; 
the surface of the iron : that the same continues to occur 
after t!ie iron has solidified, is evidenced by the fairly uniform 
distribution of the crystals throughout the mass of grey pig 
iron, since otherwise they would riae to the surface and 
accumulate there. 

Manganese and sulphur oppose the formation of graphite : . 
whether — as is alleged by some — a similar influence is exerted J 
by phosphorus, has not yet been definitely proved. The I 
amount of graphite deposited is also influenced by the rate 
at which iron saturated with carbon is cooled ; slow cooling 
favours, whilst rapid cooling retards, the formation of 
graphite. 

The separation of graphite from solidifying pig iron 
is accompanied by a not inappreciable disengagement of 
heat. 

The Hp, gr. of graphite is 217-2-32, its hardness 1-5-1-0- 

ihe specific heat increases witli the temperatui-e in a i 
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considerable degree, as is shown by the investigations of F. H. 
Weber with Ceylon graphite (0"38 per cent, of ash): — 



Temperature, ° C. 


True specific heat 


-50-3 


0-1138 


-10-7 


0-1437 


10-8 


0-1604 


61-3 


0-1990 


138-5 


0-2542 


201-6 


0-2966 


249-3 


0-3250 


641-9 


0-4450 


822-0 


0-4539 


977-0 


0-4670 



Dewar found the mean specific heat of graphite between 
19° and 1040° to be 0-310. 

Graphite is neither dissolved nor volatilised even by boil- 
ing acids, though it is slowly oxidised by boiling nitric acid. 
Potassium chlorate and nitric acid oxidise it to graphitic acid 
(Berthelot's graphite oxide), which, when heated, leaves behind 
a black residue (Berthelot's pyrographite oxide). On heating 
this oxide with hydriodic acid, hydrographite oxide is formed. 

The composition and properties of all these bodies vary 
according to the nature of the graphite used in their prepara- 
tion, as is shown in the following table : — 



Graphite Oxide (Graphitic Acid). 



Natural Graphite. 


Blast-furnace Graphite. 


Electrical Graphite 
(Graphitite). 


Scales analogous to mica, 
palo yellow in colour ; 
converted into a 
brown mass on cool- 
ing ; insoluble in all 
menstrua ; composi- 
tion — 

CggHioOjg. 


Yellowish green scales 
that do not cohere 
on drying ; composi- 
tion — 

^28^8010. 


Chestnut - brown, not 
appreciably balling 
when dried ; com- 
position — 
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PniooBAPHiTE Oxide. 


1 


1 Natural Gntphitc. 


Blut-rumnce Graphite. 


Eleotriml OtnphiU 
(Gm!>hlilie> 




r^ooso, light, vcilumin- 
OUB, musa-like mass, 
which is formed by 
Ilea ting til B SoTegaiag, 
the raattion being 
accompanied by a 
violenE, almost explo- 
sive, evolution of gas. 
When treated with an 
\ oxidising mixture the 
\ bulk dissolves, leaving 
\ a small residne uf 


Formed when the fore- 
going is heated, the 
masa awelling up. 
WheQ treateJ with 
oxidiaing mixture it 
disaolves, usually with 
a slight residue of 
graphite oxide. 


A dense heavy powder 
produced hy heating 
the foregoing, the 
mass puffing up. 
Almoat entirely dia- 
aolved by oxidising 
mix hire. 


\ 
\ 


Htdrosraphitb Oxide. 


Brown, amorphona ; in- 
soluble in all nieii- 
stnia, does not swell or 
pntr up when heated ; 
re-coLverted into jel- 
- low graphite oxide by 
the oxidiaiog mix- 
ture. 


Decnm posed by heating, 
the miina swelliua up 
and liberaUog iodine 
vapours ; is eon verted 
into greenish yellow 
graphite oxide by the 
oxidising mixture. 


a welling up when 

with the oiidisiug 
mixture, brown gra- 


Accordiug to Hubner and Luzi, mellithic acid Cg(COOH)( 
is formed, in addition to graphitic acid, during the oxidation 
of graphite, the whole of the graphitic acid finally passing 
over into meUitic acid. 

When it is considered tliat considerable divergences 
especially as regards their chemical behavioitr, exist between 
graphite and graphitite, it becomes uncertain whether the 
graphite appearing in the different kinds of kon is necessarily 
the same body under all circumstances. In other words, it is 
quite possible that the constituent we now term graphite 
in the technical varieties of iron may in the future be sub- 
divided into several different kinds of carbon. For example 


! 










^^^H 
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it is possible that constitutional differences of this kind may 
exist between the graphites separated at different tempera- 
tures. 

(b) Grajphitic Tempering Carbon 

This constituent of iron alloys is pure amorphous carbon, 
which behaves like graphite in presence of acids. No chemical 
separation of graphite from tempering carbon is possible. Its 
deposition from the metal (really from the hardening carbon) 
occurs when the latter is maintained for some considerable 
time at a still indefinite temperature, which is, however, below 
that at which the deposition of graphite occurs ; whether 
during cooling or re-heating is immaterial. This temperature 
is higher than that at which the separation of the carbide, to 
be afterwards described, takes place. Large proportions of 
manganese hinder the separation of tempering carbon. 

In the absence of graphite, somewhat considerable quanti- 
ties of this secon'd'form of carbon can be detected as small 
black dots, either uniformly distributed or in groups, on the 
surface of fracture. The sole means by which they can be 
distinguished from graphite is by their non - crystalline 
character. 

This form of carbon oxidises more readily than graphite: 
for instance, it is converted into CO by oxygen at red heat, 
and, according to Forquignon,^ is volatilised as hydrocarbon 
when the metal is heated to redness in hydrogen. 

Whether tempering carbon is present as pure amorphous 
carbon in iron, or whether this is first liberated from a com- 
pound rich in carbon, by the action of acids, has not been 
definitely ascertained ; but, in the present state of our know- 
ledge, the former hypothesis is the more probable. 

When once formed, tempering carbon is unaffected, either 
by slow or rapid cooling ; and it is only by heating the metal 

^ Ann. de Chim. et de Phys., 1886, p. 383. 



to very high temperatiires that it cau lie re-oonverteil into I 

liarcleiiiiig carbon. 

The tempering carbon ot the technical varieties of iron 
may, according to Weinschenk,^ he compared with the carbon 
found in meteorites, and which, on the latter being disaolved . 
by dilute hydrochloric acid, does not volatilise in the form of I 
hydrocarbon, and ia only consumed by strong calcination in a J 
platinum crucible. Cohen terms this substance " aniorphoua | 
carbon." I 

(c) Diamond I 

According to EobscI and Frank,^ this form of carbon aim j 
occurs in iron. The first-named worker examined special steel 
by a method devised by Berthelot, dissolving the metal iu 
acid, carefully washing the residue, and oxidising it with nitric -j 
acid ; then fusing with potassium chlorate after repeated I 
■washings, and finally subjecting it to rejieated ti-eatment with 1 
pure hydrofluoric acid and concentrated sulphuric acid. Thed 
resulting powder consisted of microBcopieally small trans- ] 
parent crystals, characterised by extraordinary hardneaa. 
They were able to mark conmdum, and burned to carbon 
dioxide at 1000° C. The steel employed for the rifle barrels 
of the Swiss infantry regiments, furnished crystals which 
exhibited a regular octahedral structure under a power of 
jOO diameters. The same workera afterwards succeeded 
iu demonstrating the presence of black transparent diamonds 
in iron from a blast -fui'nace hearth. I 

H. Moissan, who succeeded in producing artificial diamonds 
by rapidly cooling molten iron rich in carbon, concludes that 
graphite and amorphous carbon are formed in iron that is 
allowed to act on carbon at temperatures between 1100° and 



p. 486. 
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1200° C, whereas at 3000° C. beautifully crystalline graphite 
alone is formed. Under certain circumstances (rapid cooling) 
there may be formed in the latter case a modification, which 
has the sp. gr. o*5, will scmtch ruby, and behaves just the 
same as l)lack diamond. 

In any case, the formation of diamond can only occur 
when the separation of the carbon takes place under heavy 
pressure (Werth). 

It may also be remarked, in passing, that diamonds have 
been found in meteorites. 

The hardness of the diamond is 10, and its sp. gr. is 
between 3*49 and 3-53. 

B. COMBINED CARBON 

Whereas elementary carbon is either not at all or only 
slowly attacked by dilute hydrochloric, sulphuric, or nitric 
acid, even at boiling temperature, combined carbon furnishes 
more or less volatile decomposition products with the former 
reagents, either already in the cold or on boiling, whilst dilute 
nitric acid gives organic compounds containing hydrogen, 
oxygen, or nitrogen. 

According to the views hitherto generally current, this 
combined carbon may be divided into two classes, which we 
will now proceed to describe in detail. 

(a) Carbide Carbon 

According to Osmond ("Theorie cellulaire/' etc.), this 
carbide carbon — which Einman terms " cement carbon," and 
which is also known as " incandescence carbon," or " chemi- 
cally combined carbon " — separates out from the metal con- 
taining the hardening carbon (to be described later on) at 
between 060° and 780° C. in the case of iron alloys rich 
in carbon, and even to some extent at still higher tempera- 
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tures. On the metal being heated to a temperature rather 
higher than the depoeition temperature of the carbide carbon, 
the latter is re-couvei-ted into hardening earbon. 

The combination of this portion of the carbon with 
the iron, forma crystalline substances of a high degree of 
hardness (cementite) in the solidified metal. Manganese 
and tungsten hinder the formation of the carbide ; silicon, 
in large proportions, diminishes the formation by favom-ing 
the deposition of graphite. Slow cooling facilitates, whilst 
rapid cooling (hardening) retards, the deposition of carbide. 
When hardened steel is heated, the seimration of carbide 
begins already at 100° C. (."imseiiueutly the ratio between 
carbide carbon and the total carbon depends both on 
the composition of the metal and on the conditions of ■ 
cooling. 

When heat is appUed in conjunction with strong acids, 
the carbide carbon is liberated in the form of hydrocarbons. 
On dissolving the metal in very dilute hydi'ochloric or sul- 
phuric acid, the above-named carbon is left behind as a grey 
or brown mass, which, according to Miiller,^ consists of a. 
number of silvery lustrous granules, which, on drying, ignite 
at a relatively low temperature. When the sample of iron 
is dissolved in cold dilute nitrite acid (sp. gr. 1'2) the carbide 
carbon remains as a Hocculent brown s^tbatance, which, on the 
application of heat, gradually dissolves without any evolution 
of gas, and imparts to the solution a brown colour that 
undergoes very Uttle alteration when boiled (Osmond and 
Werth).^ 

Many attempts have been made to facilitate the sepftration 
of the carbide in various ways, which we will now briefly 
describe. 

J. 0. Arnold and A. A. Head ^ dissolved five kinds of 



' Slahl lind Eisen, 1888, | 
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steel (with between 0*96 and 0*06 per cent, of carbon) 
according to a modification of the Weyl and Binks method 
(dissolving by means of the electric current), and obtained 
residues containing the following proportions of the total 
carbon : — 

From steel with about 1 per cent, of carbon . 92 per cent 

>> >> ^ *' >> j> • "• » 

,, „ 0*25 „ „ . 78 „ 

The loss they do not place to the account of the harden- 
ing carbon, but assume that, independently of the electro- 
lysis, a matrix poor in carbon is dissolved by the hydro- 
chloric acid used. The residue was collected on a flat 
filter, washed with alcohol and ether, dried in vacuo, and 
analysed. It was found to be iron carbide of the formula 
FcgC. According to these workers, this "normal carbide" 
occurs in two chemically identical forms. Normal steel 
furnished a greenish black powder, probably pulverised 
crystalline carbide, partially decomposed by the solvent 
A carbide in an extremely fine state of division was ob- 
tained from hardened steel ; whilst carefully hardened steel 
yielded silvery white scales of Sorby*s "pearly substance," 
the composition of which exactly corresponded to the formula 
FegC. 

Abel ^ employed potassium bichromate and dilute sul- 
phuric acid as the solvent, the addition of chromic acid 
being intended to hinder the evolution of hydrogen, and 
therefore the escape of hydrocarbons. He obtained by 
this means a black heavy pulverulent residue, which did 
not ignite on exposure to the air, and which was for the 
most part decomposed by liot hydrochloric acid, volatile 
hydrocarbons being formed. Hardened steel gave 4*7 per 
cent., annealed steel as much as over 90 per cent., of the 

^ Eng,^ 1885, xxxix. p. 150. 
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totpal carbon iu the residuos, the composition of which 
aa followa :- — 





Iran, 
psroent 


SSi. 


Water. 


Cold-rolled cement steel 
Sott^^Ded „ .... 
Annealed ,, .... 
Cold-rolled other ateel .... 


92-77 

91-80 
89-S2 
BO 37 


8-92 
7-04 
7 '23 


0-93 
1-82 
2-28 
2-09 



The ratio iron : carbon approximately corresponds to tlie 
formula Fe;,C with 93-33 per cent. Fe and 6-67 per cent. C. , 
Hence Abel deduces the existence of the carbide Fe^C already j 
Burmised by Karsteii in cold-rolled or annealed steel. 

Miiller ' Buffusea the pulverised metal with 1 per cent, j 
sulphuric acid in a glass beaker, and leaves it tti stand for 
few days under a slow current of illuminating gas. The 
reaidue is collected on a tared filter, washed with a large 
quantity of boiling water, followed by ether and alcohol, dried 
in a curi'ent of illuminating gas at 120° C, and finally left to 
cool in a similar atmosphere. This preparation is so pyro- 
pboric that it ignites spontaneously when only just warm to 
the touch. The substance contains chemically combined 
water, with whicli it parts at incandescence in illuminating 
gas, the resulting product being then far more readily soluble i 
in dilute acid. The water content of the carbide ranges from 
O'o to 1 per cent. ; the carbon varies between 6'6 and 7'7 
per cent., the mean being 72 per cent. From his researches 
Miiller deduces the existence of a carbide of the formula 
FejC. 

The carbide is only attackable with extreme difficulty by 
copper salts ; moderately concentrated hydrochloric or sul- 
phuric acid disBoWea it, hydrocai'bons being liberated, and a 
slight residue left corresponding nearly to the formula FeCg. 
' i'toW vnd EUen, 1888, |i. 2HI. 
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Completely Imnlened steel — as prepared by MiiUer, by 
heating small quaDtities of turniiige to incandescence in a 
platiuam crucible, and quenching the whole in cold water — 
gives no residue when dissolved in cold dilute sulphuric acid ; 
white pig iron, however, under the same conditiona, leaves a 
cousiderahle amount of residue. 

On dissolving completely hardened steel in dilute acids, 
the whole of the carlion volatilises in the form of hydi-oearbons. 
If, on the other haud, solution he effected with exclusion of 
nascent hydrogen, the carhon ia left behind as sucb,- 

The investigations of H. Eelirena and A. R. van Linge 
ve already been referred to in Book II. 

The most exhaustive investigations of all in connection 
with the carbide in cjneation were those of F. Myliua, F. 
Foerater, and G. Schoene.^ They first dissolved softened 
tool steel (carbon content 1-30 per cent.) by the elec- 
trolytic method in a bath of concentrated zinc eulphate 
with 0"1 per cent, of free acid, a plate of zinc being employed 
as cathode. With a current of 1 ampere per sq, cm. at the 
anode, no evolution of hydrogen could be detected. The loose 
grey corrosion layer appearing on the steel was brushed off 
under water, washed with water, alcohol, and ether, and dried 
in an atmosphere of hydrogen. Microscopical examination 
showed the resulting grey powder to consist ot lustrous acicular 
or laminar crystals. Analysis gave a carbon content of 7 
and 9 per cent., and about 90 per cent, of iron. In presence 
of dilute hydrochloric or sulphuric acid the powder gave 
no liberation of hydrogen, and therefore contained no free 
iron. 

Now, whereaa the steel from which this substance was 
obtained is completely soluble in hot hydrochloric acid, small 
quantities of an undissolved carbonaceous substance were 
invariably left on treating the carbide in the 
' Zeitt.f. anorgmi, Chcmic, 1888, vol. xiii. p. 




CONSTITUENTS OF IRON ALLOYS 



CoiiBequently the iron carbide seems to have been c 
by the eleetrio current. 

A prehminary attempt to extract steel of low carbon [ 
content with normal sulphuric acid, showed that the evolution 
of hydrogen ceased entirely after the lapse of a week. There 
remained behind a dark porous, spongy mass, in which spangles, 
with a metallic lustre, e<5uld be detected under the microscope. 
The residue, washed with water and dried, contained 3'5 per 
cent, of carbon. It partly dissolved, with evolution of gas, in 
boiling hydrochloric acid, leaving a residue of 30 per cent,, 
which, on combustion, gave 7 per cent, of carbon ; at the 
same time, a strong sublimate of arsenious acid was formed. 
The rest consisted of silica ; small quantities of iron, copper, 
manganese, and phosphorus being also present. 

The far purer tool steel already used above was next 
thoroughly annealed, treated with dilute acids at the ordinary 
temperature, and left exposed thereto, air being excluded, 
until the evolution of hydrogen had entirely ceased. The 
residue, ground in a porcelain mortar, was washed on a tared 
filter with water, alcohol, and ether^ — ^air being, as far as 
possible, excluded — and dried at 120" C. in a cui'rent of 
hydrogen. The following results were obtained : — 











Residue. 




No 


Acid Etnplojrf. 


o^Ex^" 


Substance 












1 




D«y£ 




IuG™. 


■Ts-tS"' 


ta Be,auB. 


100 ct. 2-noniiiil 












sulphuric «id . 


7 1 10-30 


1-819 


157 


7-03 


2 


200 CO. 2-Dormal 














sulphiirlc acid 


B 


10 -OB 


1-6B4 


16-8 


8-52 


3 


.lOO i!u. normal 














sulphuiic acid . 


10 


10-19 


1'8^5 


IS -2 


6-54 




600 ec. normal 














hydrochloric acid 


14 


10-31 


1-494 


14 -fi 


7-18 




80 to 84 per 


cent, 


the 


otai ca 


rbon in 


the steel 
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remained in the residues, whilst 16-20 per cent, wae con- 
verted into volatile carbon compoimdB. In addition, the 
residue cBntained small ijimntitiea of hyilrogen and oxygen, sa 
well as oi^anie impurities, as ia 
shown by tlte aualyfiis of residue 
No. 2— 




Carbon 


. 6 '5 per cenl. 


Iron . 


. S9-6 „ 


Mangaaese 


■ 0-5 „ 


Silicon 


■ 0-3 „ 


Copper 


■ 0-2 „ 


Hydrogen, oxygen 


loss 2-9 „ 



100-00 

The percentage of carbon in 
the residues fluctuated abont 
1 per cent. ; moreover, the steel 
was not sufficiently pure, and, in 
addition, the residue was rapidly 
oxidised, under the influence of 
damp air, during grinding. Id 
washing with acid, the resulting 
iron oxide is dissolved, and the 
residue may then appear richer 
in carbon than it oiiginaUy 
was. 

It also appears that the car- 
bide dejiositefi when access of air 
ia penuitted is only partially 
soluble in hot hydrochloric acid, 
Flg. 80. — similar to the carbide prepared 

by electrolytic methods, — whilst a sUght carbonaceous res 

is left in addition to silica. 

To obtain carbide residues that are perfectly soluble in 
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hot hydrochloric acid, the steel must not only be treated with 1 
acid, but the residues must alao be washed and dried with 
exclusion of air, use being made of the apparatus abown in I 
Fig. 80. The vessel A having been charged with the steel ] 
and acid, the air is rapidly displaced from the tube B by J 
hydrogen, the tube C being immersed in water. By means I 
of the three taps it is easy to subsequently replace the I 
saturated solution by fresh acid from the dropping fuuneL-J 
The completion of the reaction is indicated by the cessation of ] 
hydrc^en bubbles. In the case of steel discs 2—3 mm. thick, I 
and weighing about 10 grms., the extraction will be complete 1 
in about a week if the solution be renewed daily, but in 
special cases the operation may take several months. The j 
washing of the residue with water, alcohol, and ether ia 1 
effected by the aid of the dropping funnel, in a current of I 
carbon dioxide introduced into the apparatus through the j 
tube attachetl to D. For this purpose the three-way tap is 1 
particularly useful. 

When the steel discs are of metal rich in carbon they 
retain their shape throughout the entire operation. In such 
event the washing takes several hours, owing to the very 
slow rate of diffusion of the solutions in the interior of the 
porous mass ; it is also important to boil the washing liquid, 
in order to espel contained oxygen to the fullest possible 
extent. At the close of the operation the ether is displaced 
by carbon dioxide, which is allowed to escape through the 
lower end of the apparatus. I 

The glass cylinder surrounding the vessel A is then filled I 
with warm water, and the temperature is raised to boiling by j 
introducing a cuiTent of steam. The drying having been J 
completed in this manner, tJie hot water is emptied and the j 
carbide residue is then cooled in a current of carbon dioxide, 
after which it can be removed from the apparatus without J 
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The steel used for the foregoing extractions con- 
tained — 



(/urbon .... 


1-30 i)er cent 


Manfi;anese 


0-30 „ 


Silicon .... 


0-21 „ 


Phosphorus . 


Oil „ 


Sulphur 


005 „ 


Copper .... 


trace 


Iron (by difi'erence) 


. 98-03 



10000 



When dissolved in hot hydrochloric acid it left behind a 

few minute dark flakes containing, in addition to silica, 0*004 

per cent, (of the weight of the steel) of insoluble carbon 

(tempering carbon), i.e. only a negligible trace. The probable 

reason of this is that the steel was heated for several hours 

at dull red heat and tlien left to cool. The acid used for the 

extraction was 2 -normal hydrochloric acid (containing 7 per 

cent, of HCl). The resulting carbide was tested for its 

solubility in hot 15 per cent, hydrochloric acid in the same 

apparatus ; at flrst solution proceeded very briskly, then more 

slowly, and finally the evolution of gas became very sluggish. 

The residual l)lack flakes amounted to barely 0*1 per cent, of 

the carbide, and consisted for the most part of silica. The 

carbide dried at 100° C. sustains l)arely any loss on being 

heated to redness in nitrogen ; and even when rapidly raised 

to red heat in hydrogen the loss in weight did not exceed 

0*4 per cent. Consequently the residue is free from large 

quantities of water and oxygen. On the other hand, a 

liberation of empyreumatic vapours was observed, which may 

he ascribed to small quantities of hydrocarbons, etc., still 

adherent to the substance. 

The analysis of the carbide residues gave the following 
results : — 



CONSTITUENTS OF IRON ALLOVS 



Carbon 

Manganese 

Silicon 

Phosphorus 

Arsenic 

Nieke! 



6'50 per cent. I>'56 per cent. 6"44 per cent. 
, 91-96 

MO 
. 0-33 
. 002 



99-81 

Heuee the pre]mration containeJ at least 98 per cent, of 
iron carbide, along with a little manganese carbide and other 
impurities. 

The iron carbide cooled in carbon dioxide or nitrogen is 
not pyrophorona, at least when the admission of air is effected 
slowly, whereas if cooled in hydrogen it glows on the admis- 
sion of air, and ia converted into red ferric oxide without 
undergoing any change of fonn. The cause of this phenomenon 
is probably to be found in occluded hydrogen. When heated 
to redness in this latter gas, the carbide very slowly loses 
weight (barely 0'5 per cent, in an hour); after this treatment 
it ia usually no longer pyrophoroua. 

Dry iron carbide is not attacked by air at the ordinary 
temperature, but at higher temperatures very readily begins to 
glow. Damp carbide is oxidised to a brown powder on being 
exposed to the air for a few hours. On dissolving the 
resulting iron oxide in hydrochloric acid there remains a dark 
brown residue distinguishable from carbou by ita colour and 
by containing water. Thia substance also occurs as an 
intermediate praduct when iron carbide is decomposed by 
dilute nitric acid ; but is !.iest obtained by employing for 
the oxidation of the carbide a cold solution of ammonium 
pei-sulpbate in dilute sulphuric acid. Further particulars 
respecting thiw substance will be given later on. 
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The action of water on iron carbide at the ordinary tem- 
perature is nil, and only slight at 100° C. One grm. of 
carbide heated with 5 c.c. of water in a closed vessel for 
three hours at 145° C. furnished 0*5 c.c. of combustible gas. 

On being heated to 400-430° C. for half an hour in a 
current of steam and nitrogen, the carbide increased in weight 
1 3 per cent. ; the product was black, .and contained oxides of 
iron, in addition to free carbon. The evolved combustible 
gas consisted chiefly of hydrogen. 

When heated to redness in a current of steam the carbide 
increased in weight 29 per cent, in a quarter of an hour, and 
swelled up into the form of a loose brown powder consisting 
of ferro-ferric oxide, the carbon being liberated as gaseous 
products composed of hydrogen, carbon monoxide, and cairbon 
dioxide, but not of hydrocarbons. 

Very dilute acids have scarcely any appreciable action on 
iron carbide at the ordinary temperature; but at 80° C. even 
decinormal hydrochloric acid produces an abundant liberation 
of hydrogen. Concentrated hydrochloric acid dissolves the 
carbide at a fairly rapid rate in the warm, the carbon passing 
off almost entirely in the form of volatile products ; neverthe- 
less, small quantities of non-volatile or sparingly volatile 
compounds (insoluble in water, soluble in alcohol, and still 
more readily so in ether) are invariably observed. On the 
other hand, the aqueous solution always contains carbon- 
aceous substances, as was demonstrated by L. L. de Koninck 
and E. Donath. The formation of intermediate amorphous 
products resembling carbon was not observed in any instance. 

The examination of the gas liberated on treating the 
carbide with 2-normal hydrochloric acid at 80—100° C. by 
Mylius, Foerster, and Schoene, showed that 92*3 per cent 
(vol.) is absorbed by palladium. The remaining 7*7 per cent 
exhibited an odour resembling petroleum, burned with a bright 
flame, and contained complex uncondensable hydrocarbons. 
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Detonation experiments gave tJie following results referred 
to 100 vols, of the original gas — 

15"34 vols, of ciirbon (imagined as in the gaseous state). 
I26'2 „ hydrogen. 

1-4 „ nitrogen (presumably from the air). 

Tiu-ning now to the portion of the gas absorbed by pal- 
ladium, and considering this as free hydrogen, there remains 
for the hydrogen combined with the carbon 126'2-92*3 = 
33"9 per cent. This evidently agrees very closely with the 
proportion necessary to combine with the 15'34 per cent, of 
earlran to form saturated hydrocarbons of the CnH^^ + ^ aeries. 
(It is very much to be regretted that no attempt was made 
to absorb the unsaturated hydrocarbons of the olefine series 
by bromine.) 

Prom these data the approximate composition of the 
liberated gas would be — 



Hydrogen 
Hydrocarbon . 
Nitrogen 



93-3 per cent. 
G'3 „ 



1-4 



The hydrocarbon remainder had in this case appnJxi- 
mately the density of pentane, which contains 15 vols, of 
carbon (vapour) and 32 vols, of hydrogen condensed to 6 vols. 
(Pentylene would fiirnish 15 vols. + 30 vols. H = vols, 
of the compound.) 

Heating to redness prctduces no change in iron carbide ; 
when raised to white heat in a current of nitrogen it smelts 
to a regulus, loose carbon being deposited on the surfaca 
The i-^ulus obtained by Mylins, Foerster, and Schoene was 
very brittle, with a radial fracture recalhng that of spiegel- 
eiaen, and contained 4'36 per cent, of carbon, but no graphite. 
On this regulus being heated to redness, carbide was again 



It has already been mentioned that iron carbide is attacked, 
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even though slowly, by very dilute acids. The following in- 
vestigations of Mylius, Foerster, and Schoene, wherein one and 
the same steel was extracted by acids of different strength, 
afford numerical data on this point : — 



Acid. 


Percentage 

yield of 

Carbide. 


Percentage of Carbon in the 
Carbide. 


In per cent, of 
Carbide. 


In per cent, of 
Steel. 


4-normal hydrochloric acid . 
2-normal ,, ,, . 
^{-normal ,, ,, . 
4-normal sulphuric acid 
^-normal ,, ,, 
Normal acetic acid 


5 

8 

15 

12 

17 

19-20 


6-42 
6-50 
6-49 
6-71 
6-64 
6-30 


0-3210 
0-5200 
0-9735 
0-8052 
1 -1288 
1 -2600 



Dilute acetic acid decomposes the carbide least, and 
furnishes a carbide containing over 90 per cent, of the carbon 
present in the steel. Well-annealed steel therefore seems to 
contain the whole of its carbon in the form of carbide. 

The properties and composition of the deposited carbide 
remain unchanged, whatever the acid and strength of same 
used for the extraction, and irrespective of whether that 
operation is conducted at the ordinary or higher temperatures 
{e.g. 45'' C), or whether the steel contains little (0*16 per 
cent.) or much carbon (1*3 per cent.). From this, Mylius, 
Foerster, and Schoene draw the entirely justifiable conclusion 
that iron carbide is a true atomic compound, and not one 
containing variable proportions of its constituents. 

Only in a single particular is the compound FcgC said to 
differ from the carbide isolated from steel, namely, that when 
decomposed by acids it gives off equal volumes of methane 
and hydrogen, according to the equation — 

Fe3C + 6H01 = SFeClg + CH, + Hg. 
The workers in question believe that the cause of this may 
possibly be that the molecular formula of the carbide cone- 
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Bponda to a, multiple of FejC, and that the carbon itself forms 
complex atoms in the molecule of tlie carbide. This view 
had already been formulated by L. L. de Koninck, Donath, 
and the preeent author, and was confirmed by the subsequent 
researches of E. D. Campbell and the author (these will be I 
dealt with later). 

The foregoing investigations have been confirmed and 
extended by E. H. Saniter (Joiivn. Irt>n and Steel Inst., 1897, 
ii. p. 115). 

Ey a modification of the method of Binks and Weyl, 14 
jier cent, (instead of the theoretical 14'5 percent.) of iron car- 
bide was obtained from a pure steel containing 1 per cent, of 
cai-bon. On boiling a sample with diluted nitric acid of sp. gr. 
1"2, the greater pfjrtion (probably corresponding to the free 
cementite) proved to be more difficult to dissolve than the fine 
spangles (presumably derived from peai'Iite). 

Examination of the behaviour of iron carbide at high 
temperatures gave the following results : — 







KiMrit ' 














Embedded 






Heatrf to vm- D. 


Iti MrtO 




Kumial Fe,C, 


in Nitrogen. 


anrt lu«ed 






Water. 




* 




Pereedt 


Percent. 


Percent. VarmL 


I^rr^at. 


Per»uC. 


fa tent 


Silica . . 


0-09 ■ 












l-hosplmras 


O'OOl 












Snipbiir . 


0'15 










0-06 
















Iron . 


91 ''io 


91 'S 


92-B 9&-i 


93-0 


U-1 


95 -io 


Totai Ciirbon 


8 '92 


6-HS 


6-13 6-12 


6-13 


6 '20 


4-27 


Graiihite 


O'lB 


O'aa 


0-5(1 UNO 


2'5U 


■J'il 


3-05 



In the case of No. 1 the carbide was enclosed in a copper 
tube and heated for five minutes. In Nos. 2, ?>, and 4 the 
heating was prolonged for half an hour, and the samples were 
left to cool slowly. 

These reaearcbes indicate a dissociation of the ii'oii car- 
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bide at high temperatures; nevertheless, it is noteworthy 
that the amount of graphite deposited in the experiments 1 
and 2 was very small in comparison with that furnished by 
experiments 3 and 4. 

Heating to 800°, followed by' slow cooling, 

gave . . .0-40 per cint. graphite. 
„ 1000° C, and quenching in cold 

water . . . 0*56 „ „ 

„ „ and slow cooling . 2*45 „ „ 

Fusing at about 1400" C, and slow cooling 3*05 „ „ 

These researches show a few divergences in comparison 
with the results obtained by Mylius, Foerster, and Schoene, 
the latter having found no alteration in the carbide under the 
influence of red heat, whereas, according to Saniter, this ifl 
not tlie case. The fused carbide employed in both casea 
contained about the same percentage of carbon (4* 3 6 and 
4-27 per cent.). Whilst the first-named workers obtained 
a regulus of white iron, with the structure of spiegdeisen, 
Saniter obtained grey iron with 3*05 per cent, of graphite. 
The probable cause of the difference is the fact that the 
former carbide contained 1*1 per cent, of manganese, the 
latter only O'lo per cent.^ 

The behaviour of carbide carbon, or iron carbide, in 
presence of dilute nitric acid, has already been briefly men- 
tioned, and will be dealt with more fully later on. 

It may be not uninteresting to mention that carbide 
carb(m is also found in meteoric iron.^ 

In 1889 Weinsclienk found in meteoric iron fromMagura, 
crystals of iion carbide corresponding to the formula (Fe, 
Xi, Cu)3C, and which he proposed to name " Cohenite " ; similar 

^ It is not beyond the bounds of possibility that the divergent behaviour of 
the carbides at red_heat may be due to the difference in the percentage of 
manganese. 

" An interesting conij)aiison between meteoric iron and manafS&ctored iron 
has been drawn by 0. Vogel {Stahl und Elsoi, 1896, Nos. 12, 18, and 14). 
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carbiJes were afterwards found in meteoric iron discovered in. 1 
other places. A characteristic feature of the two specimens" ' 
(from Magiira and Wichita) tliat have been more closely 
examined, is the highly irregular distribution of the cohenite,' 
■which appears in large quantity in some parts, whilst Id 
others it is entirely lacking. 

According to Cohen, the properties of this carbide are as 
follows : — The crystals are long, columnar, and attain in 
Magura ircjo a length of 8 nun. and a breadth of 3-4 mm. 
In Wichita iron they are on the average smaller and thinner ; 
and in this case a vertical tabular habit, and peculiar haebed- 
about appearance — probably the result of imperfect develop- 
ment — are more frequent and sharply defined. The surfaces 
are highly lustrous. The crystals are tin white, but frequently 
of a pale bronze to golden yellow. They are strongly mag- 
netic, and in a high degree brittle, so that their recovery in 
an unbroken condition is a matter entailing great care- 
Probably they are distorted regular forma, a condition with 
which the tendency to cleave would harmonise. (The carbide i 
from artificial iron alloys, however, appears not to crystallise 
with regularity.) The degree of hardness fiuctuates between 
5A and 6, and the sp. gr. is 7"227 or 7'244. They are in- 
soluble in very ddute hydrochloric acid (1 in 20), and can there- 
fore be extracted without difficulty ; on digestion with con- 
centrated hydrochloric acid they slowly dissolve, a portion 
nf the carbon being left behind ; and in copper-ammonium 
chloride they dissolve readily, leaving the whole of the 
carbon as a residue. Analysis furnislied tlie following 
results : — 



Cobeaita from ISemdego 
„ Magura 



91 



■06 Fe; 320 Xi ; O'OO Coj 673 C. 
■81 Fe ; 2^08 JJi ; 0^69 Co ; 6'42 C. 



whereas tiie formula [65fe, 2(Ni, Go)]sC would correspond 
to 89-84 Fe, 3-5S (Ni, Co), 6-58 C. 
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Derby ^ examined the cohenite from the iron from 
Canon Diablo, and obtained the following results from tm 
analyses : — 

Iron .... 92*88 per cent. 91*67 per cent 
Nickel and Cobalt 1-33 „ 2-43 „ 

Phosphonis. 0*48 „ 0-09 

Carbon . 5*33 ., 6 07 






10002 100-26 

A difierent behaviour is exhibited by the meteoric iron 
from Eutfs Mountain, which does not acquire any permanent 
magnetism and is said to contain a carbide agreeing almoflt 
exactly with the formula Fe4C. 

Forchammer isolated from Greenland teUuritic iron (from 
Niakorna) an iron carbide, for which he assumed the formula 
FcgC. For this compound Shepard proposed the name 
" Chalypite." 

Both occurrences require confirmatory examination. 

(b) Hardening Carhon. 

TluH modiiication of carbon receives its name from being 
found more especially in hardened steel ; and as it has also 
been aHsumed that the same is uniformly distributed through- 
out the entire mass, i.e. dissolved in the iron, it has been 
termed dissolved carbon. Apart from the carbon present in 
austenite, this is the only form of that element contained in 
iron above a certain temperature. It constitutes the material 
from wliicli, at certain tempemtures, carbide carbon is derived, 
tlie formation of whicli can, liowever, l)e hindered by causing the 
metal to traverse these temperatures as rapidly as |)Ossible, 
i.e. \)\ rapid cooling. Such metal is said to be " hardened " : 
and the characteristic properties of hardened steel depend on 
the presence of hardening carbon. 

^ Am. Jourii. of Science^ xlix. p. 101. 
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The carbon in martensite belongs to this category; 
nevertheless, it woiild seem that this form of catlion i 
appears in other morphological constituents of iron and 
Bteel. 

On dissolving the metal in dilute hydroehlurit; or siil- 
phurie acid, the hardening carbon is di'iven off in the 
form of hydrocarbons ; but when cold dilute nitric acid 
is employed the carbon is at first left behind 
black residue, which, however, dissolves rapidly on agitation,. ' 
or in a few minutes if left at rest, and with evolution 
of gaa on being warmed to 100° C. This will be dealt with 
again later on. 

Opinions on the nature of hanlening carbon are still con- 
flicting. Some regard it as elementary carbon dissolved in 
iron ; Howe and Sorby assume it to exist in two definite states 
of combination, namely- — 

(a) In the proportion 99 r 1 (about corresponding to the 
formula Fe^MCg, or FejiO), of great hardness, appearing in 
hardened steel ; and 

(b) In the projiortion 99-46:0'54 (closely approximating 
to the formula Fe^aCj, or FejoC), less hard, and found along 
with iron carbide (Fe^C) in annealed steel. 

Similarly, John Oliver Arnold distinguishes between ^— 
(a) Crystals of slightly impure iron, which are coloured 
a pale brown on etching, as he supposes in consequence of 
the presence of small amounts of a carbide having the hypo- 
thetical composition FcjoC ; and 

(6) Sub-carbide, a compoimd of great hardness, occurring 
in hardened and tempered steel, and believed to have the 
composition FojiC. This substance (martensite and hardonite) 
is decomposed at a temperature of about 700° C. into Fe^C 
and pure iron, heat being evolved. One of its most notable 
' "On tho luilutnco of Carlmn on Iron," Steven's Iitdicator, xiiL No. 2, J 
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characteristics is a capacity for becoming permanently 
magnetic.^ 

More recently, however, the opinion is gaining ground 
that hardening carbon is nothing more than carbon contained 
in a definite modification of iron carbide of the empirical 
composition FcgC, dissolved in the excess of iron. 

^ Arnold deduces the existence of the compound re24C from the fact that 
iron with 0*98 per cent, of carbon furnished in different observations a series of 
critical points — 

1. Clearly marked saturation point with reference to the microstructure 

of normal annealed and hardened kinds of steel ; 

2. A sharply defined maximum in the curve of recalescence ; 

3. A point in the compression curves of hardened steel, at which mole- 

cular flow absolutely ceases ; and 

4. A maximum in that curve, which is determined by the percentage 

of carbon, and the permanent magnetism of hardened steel, as 
co-ordinates. 
In addition were also determined — 

5. The maximum of tensile strength (and approximately also the capacity 

for hardening) in steel containing 0*8-0*9 per cent, of carbon ; 

6. Maximum difference between the magnetic transformation temperature 

in heating and cooling ; and 

7. A minimum of contraction of the steel in its molecular converaoD 

within the zone of critical temperature. 



CHAPTER III 

CONSTITUENTS OF THE IRON ALLOYS: CARBON— OPINIONS 
AND RESEARCHES ON COMBINED CARBON. 



To supplement the particulars given in the preceding chapter 
with regard to carbide and hardening carbon, it is necessary 
to refer to a series of researches performed on iron alloys 
containing both carbide and hardening carbon. 

Eggertz/ by treating iron with a solution of iodine in 
iron iodide, obtained a carbonaceous residue of the empirical 
composition C80I+ 2OH2O, with 60 per cent, of carbon. 

The carbonaceous residue left behind when iron is dis- 
solved in copper - ammonium chloride was examined by 



Carbon .... 


64*30 per cent 


Water .... 


. 20-28 


Oxygen (determined direct) 


. 8-86 „ 


Chlorine .... 


. 3-76 „ 


Nitrogen 


0-45 


Ash .... 


. 2-45 



100-10 

A second portion of the residue when heated in a current 
of hydrogen lost 39*25 per cent, in weight, of which, how- 
ever, only 12*54 per cent, was moisture. No oily or tarry 
substances were formed. The residue was non-crystalline, 

1 Berg- und Huttenm, Ztg,, 1863, p. 373 ; 1875, p. 440 ; 1381, p. 264. 

' A'ii^i'' Chem, Joum, 
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and contained 57*84 per cent, of carbon, and 2*91 per cent 
of ash. 

The first analysis would correspond very closely to the 
formula •>(^V>o^l2if'l^\.'i)^^^^2-^ Of this there remains, after 
heatinj^, a residue of Si\r^, whilst the liberated gases must 
contain, in addition to 19'5 HgO, also SCgjO^yjSHgjSCl and X. 

Schlitzenberger and Bourgeois,^ by repeated treatment 
with solutions of copper chloride and ferric chloride containing' 
hydrochloric acid, obtained from white pig iron a blackish 
brown residue, which, when washed and dried at 100** C, 
gave the formula OnIIgOg after deducting the silica, graphite, 
and other impurities. This carbohydrate they named graphite 
hydrate, and the same is closely allied to Brodie's graphitic 
acid or Berthelot's hydrographite oxide. 

The compound in question rapidly gives off water at 
250° C. without undergoing distension; it is briskly attacked 
by ordinary nitric acid in the warm, and is converted — ^with 
liberation of red fumes — into an amorphous red - brown 
substance that is soluble in nitric acid, alcohol, alkalis, 
ammonia, and pure water, from which, however, it is precipit- 
able by additions of neutral salts. The anmioniacal solution 
gives, after boiling off the excess of ammonia, light brown 
compounds with metallic salts. The average composition 
of the nitro-product is — 



Carbon .... 


. 52-27 per cent. 


Hydrogen 


. 3-52 


Oxygen (diiFerenco) . 


. 41-45 


Xitrogen 


. 2-76 „ 



100-00 
On heating, this is decomposed, a smell of hydrocyanic acid 

^ Possi])ly the uitrogeii is combined with water, and the chlorine may also 
he a constituent of the ash. 

- Compt. Ec7bd., Ixxx. p. 911 ; abstracted in Chem. CentrcUbl,, 1886, p. 387. 
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being given off, and a, black residue left, wbich latter is con- 
verted into a brown product by nitric acid. 

The above figures lead to the formtila C22Hjj(NOb)Oii 
for the substance, which has received the name nitrogi-apbitoic 
acid ; Schiitzenberger and Bourgeois regard this as identical 
with the substance obtained by Eggertz by the action of 
nitric acid on iron, which product furnishes peculiarly brown- 
ish yellow solutions. On evaporating to dryness the nitric 
solution containing the cheraieaUy combined carbon as soluble 
nitrographitoic acid, and treating it with alcohol, the silica 
and graphite remain undissolved, whilst the nitrographitoic 
acid, etc, passes into solution. 

These two observers, in fact, have based on this 
behaviour a method for estimating graphite and combined 
carbon. 

Zabudsky ^ dissolved in sodium-copper chloride a pig iron 
containing, apart from 4'104 per cent, of combined carbon, 
neither graphite, sidphur, nor phosphorus, and found that the 
dark brown residue, which behaved exactly like a carbohydrate, 
corresponded most nearly to the formula CjaH^O^. The same 
composition was exhibited by the residue obtained by decom- 
posing the same pig iron by silver chloride, or by electrolysis. 
This carbohydrate can be easily nitrated, and readily furnished 
halogen derivatives, e.g. the iodine compound CgoHgglOjfi. 

Special interest attaches to the investigations con- 
ducted by E. Donath,^ which will therefore be quoted 
verbatim. 

" Spiegeleisen in coarse lumps was treated, first with 
sodium-copper chloride solution at the ordinary temperature 
until the originally deposited copper had Just re-dissolved (a 
tedious operation witli the quantities taken), afterwards in 
the cold with a solution of ferric chloride slightly acidified 
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with hydrochloric acid, and finally digested in the warm 
very dilute hydrochloric acid, to make sure of the wb( 
the iron heing dissolved. The brownish black residue was 
then filtered olf, washetl with hot water acidified with hydro- 
chloric acid, and finally with hot water until the chloriae 
reaction bad entirely diBappeared, after which it was dritd 
at 110° C. until constant, 

" The ultimate analyai« of tlie residue gave the following 
\'altiCB ; — 

CHrlxiii. Hydrogen, 

58'13 per cent. 2"52 per cent. 

68-39 „ 2'90 „ 

57-86 „ 2-80 

nevertheless, it was invariably contaminated with chlorine, 
although the washing had been continued until the complete 
disappearance of tlie silver reaction ; but combustion with 
pure lime in a glass tube gave only 0"03 per cent of 
chlorine from the resulting silver cliloride ; it gave a white 
incineration residue of 1-28 per cent., which, according to 
the qualitative examination, consisted ahuost entirely of 
silica. 

" Ab can be seen, these results differ from those obtaiuei) 
by Schiitzenberger and Bourgeois to a not unimportant degree, 
which ia not inexplicable, seeing that it could not be proved 
in either case whether chemical entities or mixttires were in 
question. It was, however, proved in both that on treating 
iron (which, like spiegeleisen, contains chemically combined 
carbon only) with cupric chloride, or cupric salts generally. 
the carbon of the dissolved iron remains behind, not in the 
condition of carbon itself, but as a carbon compound nt 
decidedly organic character, and containing hydrogen and 
oxygen, the formation of which substance cannot well be 
explained if it be assumed that the carl>on is not combined 
with the iron in atomic proportions. This brownish lilacV 
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Bubatance was then convei-ted by meaua of nitric acid in the 
manner prescribed by the above-named workers, into the com- 
pound to which they have given the name ' nitrograpiiitoic ' 
acid,' and exhibited the properties indicated by them." 

Donath rightly objected to the name nitrographitoic 
acid, since it baa by no means been proved that the body 
in question is allied in constitution with graphitic acid, 
or even that it is a nitro-derivative at all. He therefore 
proposes to confer on it the less definite name of carhazeic 
acid. 

" Attempts to obtain tlie substance in the foim of crystals ■ 
from alcohol and other solvents, failed. Ultimate analysis I 
gave the following figures : — 



Carbon. 


Hjiirugen. 


NitrngED. 


51-63 percent. 


2-9 per uent. 


3-52 per cent. 


51-80 „ 


2-97 „ 


2-60 „ 



" These values agree considerably better with the results 
obtained for this compound by Sehiitzenberger and Bour- i 
geois. I 

" Particularly worthy of note is the higli staining power 
of these solutions of nitrographitoic acid, though this is far ] 
surpassed by that of their ammonia salts, prepared by 1 
neutralising the acid with ammonia, and driving o£F the' I 
excess of the latter by evaporation in a water bath, a deep, i 
black, lustrous, brittle product being thus obtained. It is 1 
undoubtedly to this substance that the characteristic colora- 
tion of the steel solutions prepared with nitric acid is due in 
the appheatiou of the ' E^ertz test' When prepared pure, 
in the manner described, this substance is indubitably the 
most suitable for the preparation of normal solutions for the 
Eggertz test, since it enables comparisons to he made with the 
same substance, and not merely, as is the case with burnt 
sugar, coffee, etc., with entirely different substances merely 
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furnishing similarly coloured solutions, or even with the 
mixed solution of the chlorides of iron, cobalt, and copper, 
afterwards proposed by Eggertz. The solution of ammonium 
nitrographitoate furnishes light to dark brown flocculent pre- 
cipitates with solutions of metallic salts. 

" The barium salt obtained in this way, gave, on analysis, 
the values — 

Carbon. Hydrogen. 

25*30 per cent. 1*25 per cent. 

24-96 „ 1-30 „ and Ba 41-70 per cent 

The lead salt contained 60*78 per cent, of lead oxide." 

On comparing the researches of Schiitzenberger and 
Donath, it will be seen that Schiitzenberger and Bourgeois 
set up the formula CnHgOg for their "graphite hydrate" 
whereas, according to Donath's report (assuming that only 
oxygen is present in addition to the carbon and hydrogen 
ascertained by the ultimate analysis), the formula works out 
to CggHggOgg, or perhaps C00H34O30. This gives the atomic 
ratio, carbon : hydrogen = 1*8 33, or 1*757 and 1*764, and 
therefore a somewhat defective concordance, which seems to 
indicate that we have to do with a mixture of several sub- 
stances, and not with a uniform body. 

A comparison of the analyses of the nitro-products gives— 

Schiitzenberger and t^ ., 

Bourgeois. onatu. 

Carbon . . 52*27 per cent. 51 '77 per cent. 
Hydrogen . . . 3*52 „ 2*91 „ 

Nitrogen . . . 2*76 „ 2*56 

Oxygen (by diflerence) 41*25 „ 42'76 „ 



wliicli furnishes, by calculation, the formulae C22Hi7(NO2)0ii 
and 047}l32(N02)2025. By douljling the first of these we liave 
0^^11^^(^02)2022* ^•^- 3 CO less, but Hg more, than the formula 
deduced from Donath's analysis, thus supporting our previous 
hypothesis. 
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According to Schiitzenberger and Bourgeois, the for- 
mulae 

For nitrographitoic acid . . C22Hi7(N02)Oii 
and (doubled) graphite hydrate . ^ 22^12 ^tj 

show a difference of . . . Hg (N02)05 

whereas, according to Donath, the difference between 

Carbazeic acid .... C47H32(-^^2)2^25 
and " graphite hydrate " . . CJjgHgg O39 



18 



i -CnHi 0„ 
■ 1 + 2(^0^) 



a result equally speaking in favour of a mixture. 

Finally, if we compare the analyses of carbazeic acid and 
its barium salt (according to Donath) — 

Carbazeic Acid. Barium Salt. 

Carbon . . 51*77 per cent. 24*96 per cent. 

Hydrogen . . 2*91 „ 1*30 „ 
Nitrogen . . 2*56 „ 

Barium . . ... 41*70 „ 

and divide the separate values by the corresponding atomic 
weights, we have — 

Carbazeic Acid. Barium Salt. 

Carbon . . 4*31 atoms 2*08 atoms 

Hydrogen . . 2*91 „ 1*30 „ 

Nitrogen . . 0*18 „ 

Barium . . ... 0*27 „ 

which, when referred to a parity of carbon atoms, 
gives — 

Carbazeic Acid. Barium Salt. Diflference. 

Carbon . . 4*31 atoms 4*31 atoms 

Hydrogen . . 2*91 „ 2*69 „ - 0*22 atom 

Nitrogen . 0*18 „ ... -0*18 „ 

Barium 0*56 „ +0*56 „ 

an impossible result. 
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If, however, we remember that, in comparison with the 

barinm salt, the acid must contain twice as many hydrogen 

atoms as the former has barium atoms, and hence calculate 

the composition of the acid on the basis of 2*69 + 2 x 0'56 

= .*»*81 atoms of hydro<]^en, we obtain — 





Carbazeic Acid. 


Barium Salt. 


Difference. 


Carbon 


. 5*64 atoms 


4*31 atoms 


- 1*33 atoms 


Hydrogen . 


. 3-81 „ 


2-69 „ 


-M2 „ 


Nitrogen 


. 0-23 „ 


. . • 


- 0-23 „ 


Barium 


• • • • 


0-56 „ 


+ 0-56 „ 



Consequently the acid must contain considerably more 
carbon than the barium salt, which is equally impossible; it 
therefore follows that the so-called carbazeic acid is a mix- 
ture of compounds, only a portion of which can be pre- 
cipitated by barium salts. 

The analysis of the barium compound gives by calcula- 
tion the empirical formula C2iH3(N02)Oi7Ba3, which is bo 
complex as to lead to the belief that this compound also is a 
mixture of different salts. 

Osmond and Worth ^ selected a steel of the following 
composition for solution by the Weyl method : — 



Carbon . 


0*49 per cent. 


Silicon . 


0-075 „ 


Sulphur . . 


0-024 „ 


Phosphorus 


0-041 „ 


Manganese 


. . 0-37 „ 



The resulting residue was washed with water, alcohol, and 
ether, dried in vacuo, and weighed on a tared filter. The 
resulting data, as well as the method of treating the steel, 
are given in the subjoined table : — 

^ Memo7'ial de VArtillerie de la Marine, 1887, p. 240. 
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Condition of the Steel. 



Composition of the dry residn^ — 
Iron ..... 
Carbon .... 
Water 

Total . 

"Weight of dry residue in 
percentage of the weight 
of the steel 

Percentage of C in the steel — | 
Cal. from above figures . I 
Estimated direct . . i 

I 
Loss of carbon 

Absolute weight of dissolved 
iron, grms. 

Time occupied in dissolv- 
ing, hours 



Forged 
and Cooled 
without 
Special 
Precau- 
tions, 
per cent. 



78-40 

12-00 

8-40 



98-80 
3-31 



0-397 
0-476 

0-079 

11-280 

6 



Forged 
! and 
' Heated to 
Redness. 

per cent. 



100-05 
4-11 



0-463 
0-497 

0-034 
9-806 



Hardened in 
Cold Water. 



per cent. 



97-47 
1-61 



0-306 
undetermin'd 

abt. 0-19 

11-520 



5 



82-38 


52-50 


83-22 


11-27 


18-90 


9-92 


6-40 ' 


26-07 


5-48 



Hardened 

and 
Annealed. 

per cent. 



98-62 
4-14 



0-41 
0-497 



0-087 



10-304 



These analyses, as well as the appearance of the samples, 
show the residue to consist of a mixture of grey magnetic 
spangles of metallic appearance (apparently undecomposed iron 
carbide) with a blackish amorphous, gelatinous substance, the 
latter preponderating in hardened steel, but receding in im- 
portance in annealed steel. On calculating the iron content 
as carbide, and referring the results to equal quantities of 
carbon, we obtain — 



Condition of Steel. 

Iron carbide . 
Carbohydrate (?) 

Loss of carbon 

r 


Forged and 
Cooled 
without 
Special 

Precautions. 


Forged and 
Heated to 
Redness. 


Hardened in 
Cold Water. 


Hardened and 
Annealed. 


44Fe8C 

Cso( 1X20)44= 

2025(^20)22 

0,8 


32F63O 

072(H20)3g = 
808(H20)7 


30Fe3O 

04o(H20)50 = 
10O4(H2O)5 

C42 


58FesO 

C85(H20)35 = 

350(H20) 

0,9 
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Even though the carbohydrates in the two last colunma 
could be approximately expressed by the formulae — 

H 

H 
and 

H H H H 



/OH 
>C = C< 

\0H 



H— C— C— C— C— OH 



OH OH OH OH 

or in a similar manner, it is still impossible to regard the 
first two as mixtures of the foregoing, and it is therefore 
evident that a thorough investigation is still necessary for 
the elucidation of the matter. 

It is, however, interesting to draw into comparison the 
results obtained by Sir Frederick Abel in his experiments 
referred to in the preceding chapter. On calculating to 
atomicities the figures there given, we obtain the following : — 



Condition of the Steel. 


Cold Rolled. 


Heated to 
Redness. 


Annealed. 


Cold Rolled 
other Steel. 


Cement Steel. 


Iron carbide . 
Carboliydrate (?) . 


32Fe3C 
C(H.P)3 


ISFCgC 

C(H.,0) 


21Fe3C 

Cs(H20)8 


28Fe,C 
2C3(H,0), 



In both series of experiments the composition of the 
decomposition product of the carbide in annealed steel was 
the same, namely, C(H20), or a multiple thereof. 

T. W. Hogg^ treated one and the same steel (1 per cent 
of carbon) in the cast and in the annealed state (in the form 
of bore turnings) with an excess of dilute nitric acid 
(sp. gr. 1-2), the vessel employed for the operation being 
immersed in cold water. In this manner he obtained residues, 

^ Journ. Iron and Steel Inst.y 1896, vol. ii. p. 179. 



OF IRON ALLOYS AND CARBON 185 ] 

■which, after drying over eoncenti'ated sulphuric acid, g 
Uowing composition i- 





Auuca 


«1, 


Cast. 


Iron . 


73-73 pe 


cent. 


2-ai per cent 


Carbon 


8-43 




49 '41 


Wiiter 


7-36 




32-40 


Nitrogen 


3'20 




8-25 


Oxygen (difference) 


7'38 




17-40 


Total 


100-00 




100-00 



In the above analysea the water obtained on conibiiBtion , 
waa not ealcidated to hydrogen ; nevertheless, it would | 
appear that a considerable part of the latter ie not iu com- 
bination with oxygen in the substance. 

On calculating this analysis in the same manner as 
before, we obtain — 

Anuealed. Cast. 

> Iron carbide . . . 43-9Fe3C l-SFe^C 

Carbon compound . S-SC^H^.O^^Na O'oC^H^O^N" 
These formnlte do not agree at all closely with those I 
obtained previously ; only one thing is clear, namely, that the I 
composition of the organic residue from annealed steel is far ] 
move complex than it was in the natural condition. 

These nitro-products undergo gradual decomposition, even 1 
at the ordinary temperature. 

Eug. Prost^ carried out an exhaustive research on 
influence of hydrochloric acid on alloys of iron and carbon. 1 
He allowed hydrochloric acid, of various strengths, to act on \ 
white pig iron of the following composition : — 

Iron ..... 85'920 per cent. 



\ 



Comhined carbon 
Graphite 



2-685 

0-465 

2-700 
Silicon .... 0-915 

' J2<u. Univ., Seiptember 1890, p. 308; Mrg- ii.SIUlenm.Ztg., 1891, Ko. B^l 
a. Acconliiig to a. privata eommmiifiation, theae reaearohea were coramencBd I 
the Iitbaratoi?, and at the ioxtigation of W. Spring of Li^ge, but complete^! 
tlia laboratory of L. L. de Kunlnck. 
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In all cases he invariably used sufficient acid to dissolve 
a weight of pure iron equal to that of the pig iron taken, 
ar'cording to the e([uation — 

Fe + 2HC1 = FeClg + Ho. 
The concentration of the acid was varied in definite degrees, 
and each sample \va8 warmed to about SS"* C. for six hours 
on a Imth. 

A comimrison of the residues showed, in the first place, 
that their appearance varied, and that the total residue 
(4'19 to 411^3 per cent.) was the greater in proportion as 
the acid was the more dilute (Sll'OO to 29*32 grms. HCl per 
litre). The analysis of the residues further shows that their 
composition fluctuates ; it proves that — 

1. The percentage of carbon, hydrogen, and phosphorus 
increases (C = 2*35 to 12*54 per cent. ; H = 0*12 to 2*07 per 
cent.; P=0*93 to 11*66 per cent.). 

2. The percentage of iron decreases (91*80 to 23*22 per 
cent.) with the concentration of the acid. 

Still more instructive is the calculation of the con- 
stituents of the residue to a uniform quantity of pig iron, e.g. 
to 100 parts. This procedure shows that, as the concentration 
of the acid, and therefore its attacking power, is increased, 
the residue contains — 

Iron 37*947 to 0*972 

Carbon .... 1-047 „ 0*625 
Hydrogen .... 0*050 „ 0*087 

The results for phosphorus are irregular; the largest 
proportion of this substance in the residue is furnished by 
acid of medium concentration. 

From these experiments the following conclusions were 
drawn by L. L. de Koninck : — 

" The quantity of acid consumed in the experiment, and 
the duration of exposure, being known, it is clear that the 
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■ iron, if it were a perfectly homogeneouB masB, would in i 

entirely dissolve, or else leave a residue of con- 
nt amount and composition. Since this is not the ease, 
ifl c-ompelleil to assume that the piy ii-on eon tains 
ifferent compounds, some of whieh are more readily solnhle 
ian the others. This deduction had ali'eady been drawn by 
^ from the experiments made by him. It is also easy j 
to explain why the residue ia greater in the ease of weak j 
acid, and why the percentage of (original pig) iron left in , 
the residue diminishes when the concentration of the acid : 
is increased." I 

This explains also the remaining facta observed, namely — ■ , 

1. That the amount of carbon in the residue diminishes, 
whilst the percentage of carbon therein increases, with the 
concentration of the aeid. 

2. That the amount of hydrogen in the residue from 
100 parts of pig kon, and consequently the percentage of 
hydrogen therein, increases with the intensity of the action 
exerted by the acid, 

De Koninck assumes that pig iron consists of pure iron, ■ 
soluble in the most dilute aeid, and of three carbides, each 
of which latter requires the action of a different strength 
of acid to attack it ; further, that — in accordance with 
facts — the effect of the aeid on the various carbides afore- 
said is to form diflerent hydrocarbon compounds, some of 
them gaseous or volatile, others solid at the ordinary tem- 
perature. Let P be taken to represent the weight of pig iron 
employed, a, a', a" the weight of carbon Iq the three car- 
bides, and A, A', A" the portion of a, a', a" remaining as 
insoluble organic compounds after the action of the acid on 
carbide, whilst b, b', b" represent the weight of hydrogen j 
fixed by A, A' A", and finally c, c', c" the weight of iron in I 
the carbide. If the pig iron be treated with so weak an acid j 
^^ ' Ann. de Ckem. -a. I'harm., 129, p. ST. J 
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that the carbide is unattacked, the iron alone will be dissolved, 
and the residue will contain the three carbides, comprising— 

Iron =c + c' + c" 

Carbon . . . . =a + a' + a'' 
Hydrogen . . . . =0 

If the acid be sufficiently strong to dissolve the first 
carbide, in addition to the iron, the residue wiU contain — 

Iron =c' + c^ 

Carbon . . . . =A + a' + a'' 
Hydrogen . . . . =b 

Finally, when the acid is strong enough to attack also the 
second and third carbides, the resulting residue will then 
contain — 



Iron 


. =c' 


or =0 


Carbon . 


. =A + A' + a' 


„ =A + A' + A 


Hydrogen 


. =b + b' 


„ =b + b' + V 



On comparing these theoretical results, it is found that, 
in accordance with the increased action on the pig iron — 

1. The amoimt of hydrogen in the residue gradually 
increases from to a maximum. 

2. The proportion of iron decreases from a maximum 
to ; and that — 

3. The amount of carbon also diminishes, though not to 
0, since a portion of the carbon in each of the carbides is 
converted into fixed organic compounds insoluble in acids. 

Prost has shown that, unless the acid reaches a certain 
concentration, the residue remains blackish and dense ; bnt 
from this concentration onwards its appearance changes — a 
result necessarily ensuing if the assumption of the presence of 
different carbides in pig iron be correct. Again, the divergent 
effects produced by the action of nitric acid on iron carbide are 
ascribed by de Koninck to the presence of different carbides, 
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philat othera endeavour to explain them by asBumiug the 
I of Bemi -combined carbon — an assumption, however, 
hich proves merely that carbon is presumed to occur in at 
t two forms (in addition to graphite) in iron. In pig 
, however, the carbifles undoubtedly form the chief eon- 
latnent ; and, moreover, the above considerations ou the 
irbon compounds would also be applicable to such other 
LBtalloids as may be contained in pig iron. 

Prost remarks that the amount of hydrogen present in 

Hie insoluble residue is such that it cannot be exclusively in 

nbination with the carbon. With regard to this interest- 

5 circumstance he promised to make further experiments. 

Furthermore, the same worker treated 500 grms. of pig 

ton with an acid containing 310 grms. of HCl per litre; 

i washed and dried residue was extracted with absolutely 

3 ether, and furnished a brown solution which, on evapora- 

[ drying, gave a pappy blackish brown residue, con- 



fl 



< 



Cai'btm . 
Hydrogen 
Other elements 



7970 per cent. 
1075 
9-55 



According to de Koniuck, this composition corresponds 

^11 to the atomic ratio CgHg or C^Hg. Prost did not ascertain 

fchether the remaining 9'55 per cent, consisted of oxygen; 

lould, however, this be the case — and in the main it can 

ily he othenvise — the atomic ratio corresponding with 

I composition would agree with the formula CuIIigO.^ 

Hence the hydrocarbfins formed during the solution of 

1 carbides by hydrochloric acid would subsequently absorb 

ygen (probably from the air). 

Sulphur, in the form of an organic compound, was found 
f Prost in the residue from pig iron. 

' Dq Koninolc errouaoiuly gives C,„H,„0„. 



CHAPTER IV 

OPINIONS AND RESEARCHES ON COMBINED 
CARBON — {Coiitimtation) 

The most important investigations on the action of nitric 
acid on carboniferous iron are those performed by Osmond 
and Werth.^ 

Comparative examinations by the methods of Eggertz and 
Boussignault gave — 

Eggertz's Method. Boussignault's Method. 
Ordinary steel . . 0*50 C per cent. 0*492 C per cent 
Hardened steel . 0*325 „ 0*52 „ 

Steel first hardened, then 

quickly heated in the 

forge fire, and cooled 

in the ashes . . 0*48 „ 0*537 „ 

Wrought steel 0*52 „ 

Since hardened steel is soluble in nitric acid without 
leaving any residue of carbon, and as the coloration of the 
nitric solution was equal in both cases, the experimenters 
endeavoured to ascertain whether the deficit iri carbon 
revealed by the Eggertz method had escaped in the form of 
gas from the solution. 

On carefully observing the phenomena occurring during 
the action of 24 deg. B. nitric acid (25 c.c. per 5 grms. of 
steel) on one and the same steel in the natural and hardened 
condition, the following occurrences could be noticed : — 

The flasks were set in a water bath at a tempera- 
ture of 15" C. in order to minimise the increase of tempera- 

^ Memorial de VArtilleric de la Marine^ 1887, p. 227 et wq. 
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ture during the reaetiou. . The iron was the iirst to diasolve, 
which it did in about five to six minutes, with a bi'iak dis- 
engagement of gas. At this instant both liquids were 
almost colourless. 

The hardened steel left behind, at tlie bottom of the 
vessel, an intensely black aubstance, which dissolved without ■ 
any liberation of gas, and that almost immediately when ' 
agitated, or in two or three minutes when left at rest, the , 
lic[iiid then turning dark brown. Finally there was left ; 
behind a light, brown gelatinous residue, which dissolved only 
at an extremely alow rate in the cold. 

After the iron had dissolveil, the sample of natural steel 
left only a light, black residue, which was otherwise identical 
with that from the hardened steel, dissolved with equal modera- 
tion, and imparted a somewhat faint coloration to the liquid. 
On the other hand, a large number of blackish brown flakes 
floated about in the hquid, and gi-adiiaUy collected into a 
gelatinous pale brown mass, similar to that furnished by 
hardened steel, but more voluminous. 

These flakes, filtered immediately after the hardening 
carbon had dissolved, and then dried at 100° C, gave— 

Carbon ..... 44'B9 per cent 

Water 22-50 „ 

Iron 8-05 „ 

Oxygen and Nitrogen . . 24"86 „ 

100-00 

This 1 would correspond to 2 6C + 9 H^O + Fe + 11 (0 -|- N). 
Assuming that of the 11(0 + N) only 1 atom was nitrogen, 
the other 10 being oxygen, the formula might then be 
written, FeCsa(HjO)90a{N03). 

On parting with their iron they become transparent and 



i. 



KoTilenstoffronnen im Eiscu," Stuttgart, 1SB6. 
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On the precipitates being filtered in the cold and 
then treated anew with 25 c.c. of nitric acid (sp. gr. 
1*2) at 100° C, they dissolve without any apparent dis- 
engagement of gas, and impart an unequal deg^jee of brown 
coloration to the liquids; the intensity of this coloration 
appears to stand in relation with the volume of the precipitate 
attacked. 

If now the first brown liquids (which were separated 
from the insoluble residues by filtration) be warmed to 
100° C, they are both decolorised, with hberation of gas ; the 
solution from the hardened steel, however, bleaches more 
completely than the other; the evolution of gas appears 
brisker here and more copious there. 

When, instead of immersing the vessel in cold water, the 
hquid is heated direct to 100° C, the same phenomena appear 
in the same order, but more quickly. This may be expressed 
in figures that were quite accidentally discovered among a 
number of others. 

Steel with 0*85 per cent, of Carbon. 

If we take L^ to represent the coloured liquids obtained, 
immediately after the solution of the metallic iron and the 
hardening carbon, by filtering off the undissolved substance 
P in the cold ; Lg as the coloured hquids obtained by re- 
peatedly warming the residue at 100° C.^ ; dilute all these 
solutions to 50 c.c, and compare them with normal steel, we 
then have — 

Api)arent Carbon Content of the Steel — 
Natural Hardness. Hardened. 

Lj (heated for 2 minutes 

0-91 



at 100" C.) . . 0-56 1^. J 2 



per cent. )• 1*17 per cent 

at 100" C.) . . 0-56 ) 0-26 



L^ (heated for 20 minutes i 



1 If tlie heating bo effected at 14" C. with 12" B. acid, or at 0° C. with nonnal 
24'* B. acid, the liquid Lj will be greenish. 



Od comparing the two types of solution again after heat- 
ing to 100° C. for 45 minutes and 1 hour 45 minutes 
respectively, we find — 

A]ij«re!it Carbozi Conttlit ofthe Steel— 
Katural Hardness. Hardi-uuJ. 



.) O'28-l 



After 45 minutes— 
Lj (strong escape of g 
L, (no „ „ 



After I hour 45 minutes — 
Li^ (alight escape of gas) 
I.,(no „ „ ) 

Under norma! conditions 
the Eggertz test gave 



0-24| 
0-45/ 



. 0-391 ( 
■ 0-24/ * 



0-30\ , 
0'l.S/ 



0-81 



Hence both the natiu-al and the hardened steel imme- 
diately after the attack gave perfectly similar colorationB 
(1"13 and 1'17 per cent.). The subsequent heating of L, pro- 
duces the difference ; the solution 1^ bleaches regularly and 
only to a slight extent. 

It still remains to show that the decoloration of 
L^ is accompanied by a loss of carbon in the gaseous 
state. 

In order to determine the carbon liberated in this manner, 
the gas escaping with the excess of oxygen during normal 
solution was passed through an apparatus consisting chiefly 
of— 

1. A condenser. 

2. A tube filled with copper turnings and heated to 
redness, to decompose the oxides of nitrogen. 

3. A tube containing copper oxide, also heated to red- 
ness, to ensure the complete combustion of the carbon. 

4. Brying tubes. 

5. A. Liebig's bulb apparatus for the absorption of carbon 
dioxide. 

Che average results furnished by a number of expe 
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mcntH with steel containing 85 per cent, of carbon, 
were^ — 

Steel- 
Natural Hardness. Hardened. 
Carbon liberated in the gaseous state 0*342 per cent. 0*500 per cent 
Remainder passed into solution . 0*508 „ 0"350 „ 



Total .... 0-850 „ 0-850 „ 
The coloration of the solution gave . 0*772 „ 0*480 „ 

It is thus seen that the coloration of the solution is 
apjmrently pr()i)orti(jnal to the amount of carbon actually 
present therein. 

If K be taken to represent the coefficient with which the 
carbon content found has to be multiplied in order to obtain 
the actual amount of dissolved carbon, we then have — 

For steel of natural hardness . . 0*772 K = 0*508 
For hardened steel .... 0*480 K = 0*350 

which give for K the values 0*658 and 0*729, thus exhibiting 
a satisfactory concordance. 

The nature of the gas in which the carbon is contained 
appears to vary, within certain limits, with the conditions of 
solution. 

CO2 and IICN were detected ; but in addition a part of 
the carbon escaped in a form which was not absorbed by 
caustic potasli ((JO or hydrocarbon). This latter portion 
seems to be characteristic for the hardening carbon. 

By treatment witli ammoniacal BaClg solution (for COj) 
and AgNOa (for IICX), the actual amounts of CO2 and HCN 
obtained during solution were determined as follows : — - 

Carbon li])erat(id in tli« Steel — 

Gas(U)iiH State*- as Natural IlardusHs. Hardened. 

CO.^ . 0*215 per cent. 0*246 per cent 

IICX . . 0050 „ 0*044 

CO or Hydrocarbons (A) 0*077 „ 0*210 



19 



Total . 0*342 0*500 
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The presence of gases nnaliBorbed by caustic potash ie 

h^hly noteworthy. It was proveil by inserting a potash I 

apparat\i9 between the (.'u ami CiiO tiibes of the above t 

apparatus. Tlie second Liebig bulb appaiatiis at the end nf \ 
the combustion tul)efi supplenienls the weight for hardened 

steel, but not for steel in its natural state of hardness. I 

. These observations fix, by definite phenomena, the differ- \ 

Bnce between hardening and cement carbon. J 

Stimulated by the foregoing experiments, the present | 

author ' has worked out a colorimetric method for the deter- i 

mination of hardening and carbide carbon ; and as a few of ' 

the researches entailed in this process are of interest, they ' 
may be repeated here. They were baseil on the following 
sauiples of steel examined by A. Ledebur :— 





A. 


•■ 


C. 


D. 




Percent. 


PBrwnt 


Percent. 


Percent. 


TtoDTOriDg earlion 




17 






0-84 


;;('« 




0-38 


Hardeiiing carlmn 


0-U 


jO-22 


0-B5 




078 1 


20 


0-93 


0'B3 


Silicon .... 


0'37 (1 


79 


O'll 


O'll 


Manganesa .... 


0'2fl ,0 


40 


O'll 


Oil 




0-01 









A and B were annealed, C cooled in the ordinary manner, 
and D hardened in water. The other kinds of steel examined 
in the course of these researches were cooled in the ordinary 
way, but their content of hardening and carbide carbon was 
not determined gravimetrically. 

As a rule O-'J grm. (in some cases more) of the sample 
was taken, anfiuscd with 10 e.c. of dilute nitric acid ('2 vols. 
of concentrated acid and 3 vols, of water) in a test-tube, 
which was then set in a vessel of cold water. With freqiKeut 
shaking, sohition was (juickly eftected. After all liberation of 
' Jouni. Iron mui Sletl Iiisl., IBS", Vol. i.; Slahl ii. Eiscn, 1897, No. H, 
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gaH had ceased, the li<[iiid was passed (without washing) 
throuj^h a dry filter " lianleiied " with nitric acid, and 2 c.c of 
the filtrate taken in a measuring tube for comparison with a 
similarly treiited solution of nonjial steel. When the steel 
under examination contiiins only small (quantities of hardening 
carbon, tlie solution assumes a greenish colour, which hindei*s 
conij)arison. For (ixac-t determinations in such coses it is 
therefore; necessary to use a normal steel that also furnishes 
greenisli solutions, oi' else a larger quantity of substance is 
weighed out. By tliis method the following average values 



tK:i 


Hainplc. 












Uardeninfif Carbon 


1. 




(Jraviinetrio. 

0-140 
0-128 
0-218 


Colorimetric. 


Difference. 


A 

n 


• • ■ • 

• • • . 
■ • • . 


0-14 
0-13 
0-22 


0-000 
-0-002 
-0 002 



The behaviour of the above solutions on prolonged 
standing and on warming to 80° C. was then examined, 
and in l)oth eases a gradual bleaching was observed. In the 
first case (twenty-four hours standing in the cold) the loss of 
hardening carbon is very slight, as the following figures will 
show :- 



vSanijjlc. 


Lf)SH of Hardening Carbon. 


A . 


. 014 X 0167 = 002338 per cent 


JJ . 


. 013 X 0-219 = 0-02847 „ 


C . 


. 0-22x0-069 = 0-02518 „ 


V . 


. 009x0-276 = 0-02484 „ 



so that no apprecial)le error results from leaving the solutions 
to stand for several hours. When it is remembered that the 
amount of this loss is inlluenced to a considerable extent by 
an alteration of 0-1 c.c. in the volume of the compared liquids, 
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it becomes probable that, for equal periods of time, the same 
depends solely on the superficial area of the solutions in 
question, and is therefore attributable to a process of oxidation 
under the influence of atmospheric oxygen, or to volatilisation 
of the carbon compounds. 
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The case is different when the solutions are heated to 
80° C, the loss of carbon then rapidly increasing with the 
amount of hardening carbon present, aa the following figures 
will show : — 



Sample. 




After SO Uinutes' HeatlnK U W 0. 


-S'Sr- 


Deereue ol CoLori- f Iah of Hardenini; 
tioii in per cent. Carbon in niBrms. 


! ■ ■ ■ ■ 

F , , . . 


0-0355 
0'0520 
0-0560 
0-0880 
0-0920 


IT-.I 0-0061-1 
13-5 0-00703 
19-3 , 01079 
38-9 1 0-03426 
48 -r 1 0-04478 



This is shown still more clearly by the gi-aphical repre- 
sentation given in Fig. 81. 
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The progress of the colour change in relation to the 
duration of heating is given in the subjoined table : — 



No. 



1 

2 
3 
4 

5 

6 

7 

8 

9 

10 

11 

12 
13 
14 
15 



a 



B» 

Ci 
Fi 

A 
B 
C 

A 
B 

C 
F 

A 
B 
C 
F 



Volume of Hanlening Carbon 

Solution in c.c, compared 

with Normal Solution after 

Heating to SO" C. for— 



Colour Depth of the Solution in 
per cent, after Heating to 80' C. for— 




Min. 



3-0 
3-2 
7-32 
2-9 

3-9 
3*8 
6-3 

3-9 
3-5 
5-2 
5-5 

4-2 
3-5 
5-5 
6-2 



15 
Min. 



2-8 
2-9 
5-5 
2-6 



; 30 


45 


Min. 

1 

1 


Min. 


2-6 


2-3 


i 2-9 


2-2 


4-9 


4-9 


2-4 


2-2 



2-0 
1-9 
3-0 
2-9 

2-2 
2*3 
3-2 
3-1 



60 
Min. 




Min. 



2-1 
2-1 
4-6 
2-3 



100-0 
100-0 
100*02 
100-0 



3-2 100-0 
3-0 I 100-0 
5-5 100*0 



100-0 
100-0 
100*0 
100-0 



100-0 
100*0 
100-0 
100*0 



15 
Min. 



93-3 
90*6 
75*3 
89*6 



30 
Min. 



86:7 

90*6 
67*1 
82-7 



51*3 
54*3 
57-7 
52*7 

52*4 
65*7 
58*2 
50*0 



45 
Min. 



76*7 
66*7 
67*1 
75*8 



60 
Min. 



70*0 
65*6 
63*0 
79*3 

82*1 
78*9 
87*3 



Another, and in some cases preferable, method of deter- 
mining the hardening carbon is by dissolving the steel as 



Sample. 



Series of Experiments. 




,1 c. c. of Solution corresponds to nignns. of Hardened Carbon. 



1 

A . . . ' 0-01914 
B . . . . 1 0-01793 
V . . . 0-01796 

1 


0-02800 
0-02737 
0-02933 


0*02545 
0-02261 
0-02750 


Mean 


0-01834 


0-02823 


02519 



^ The initial temperature was below 70° C. '^ Turbid, bitt cleared on heating. 
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a dry hardened filter, heating an aliquot part to 80° C. on tha ^^H 
■water bath, and then comijaring the depth of colour. This ^^H 
method furnished the above results (after thirty muintes at ^^H 

^H 

With regard to the estimation of the carbide carbon, the ^^H 
next step was to dissolve in dilute add at 80° C. the residue ^^H 
on the hai-dened filter from the preceding operation. Aa ^^H 
before, the metal was dissolved m 10 c.c. of cold dilute nitric ^^H 
acid, the residue collected on a dry hardened filter, the filtrate ^^H 
employed for the determinatiou of the hardening carbon, the ^^H 
filter well washed with distilled water, and transferred with ^^H 
ita contents to a test-tube, there auSiised with 10 cc of ^^1 
dilute nitric acid, and afterwards warmed at 80" C. on the 1 
water hath until the residue was completely dissolved. After ^^J 
the filter fibres had settled down, 2 cc of the clear solution ^^M 
were placed in a measuring tube and compared with the ^^H 
normal solution. The following are some average values ^^^ 
obtained by this means: — 1 




Sample. 


0.rl,ld.C^b.a,pe,«nL 


. 


Oraiinietrio. 


Oolorinietric 




A, 
B. 

c. . 


0'64 
O'BO 
071 


0-85 
O'flS 
0-70 


+ 0'01 
+ 0'05 
-O'Ol 


I 


As the foregoing figures show, the dilferenccs furnishec 
by this method are greater than occur in the estimation o 
hardening carbon, which may be due in part to the loss o 
carbon in filtering, but chiefiy to the fact tliat, in dissolving 
he steel at 80° C, various amoimts of the solvent are volatil 
Bed according to the time required for the operation and the 
uperficial area of the liquid, the result being that the amount 


1 
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of liquid pipetted off doeB not exactly correspond with that 
taken into calculation. Moreover, small particles of the 
carbide may remain unnoticed in the fihree of the filter paper, 
thus leading to a deBcit of carbide carbon in the solution. 
In order to niiiiiniiae this difficulty as much as possible, and 
to simplify the work, the following (second) method for the 
simultaneous determination of hardening and carbide carbon 
was devised :— 

To determine the hardening carbon, 0'2 gmi. of steel ie 
diBBolved in dilute nitric acid (2 : 3) in the cold, i.e. by setting 
the vessel in cold wnter. The solutiou is shaken up fre- 
quently, and, when the evolution of gas has apparently ceased, 
is well mixed up and filtered through a dry hardened filter 
without washing. Two c.c. of the filtrate are taken for the 
determination of the hardening carbon, by direct comparison 
with the standard solution, whilst another 2 c.c. are set aside 
for the present. 

Meanwhile, tor the estimation of the carbide carbon, 0'4 
giin. of the sample is weighed out, treated with 10 c.c. of 
the aforesaid dilute nitric acid and the 2 c,c. of hardening- 
carboD solution just mentioned, and warmed to 50° C. on the 
water bath. As soon as complete solution is obtained, both 
series of solutions are taken from the water bath and com- 
pared with the same standard sohition. The compared volume 
of the harden ing-carbon solution warmed to 80° C. is deducted 
from the compared volume of the solution of the total earlion, 
thus leaving a volume of solution corresponding to the carbide 
carbon, from which the percentage of carbide carbon can be 
easily calculated. 

For the eomparisoij it is convenient to employ an un- 
changeable empirical standard solution, consisting of a slightly 
acidified solution of FcaClfl and CoOlj ; the addition of hydro- 
chloric acid must be made with care, since otherwise the 
colour of the solution may become too groeu. If a 



k 
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degree of accuracy be deaired, it is advisable to employ, for ' 
comparison, two standard Bolutions ditJering but slightly in 
shade. 

Should the measmiDg tubes used foi' the comparison not 
be exactly equal iu width, as may be ascertained by compar- 
ing the inteiTal between the graduations, a coiTection (by 
volume) can easily be made when it is remembered that the 
depth of colour in any solution ia directly proportional to the h 
thicknesa of the stratum of liquid, and hence in inverse pro- 
portion ^ to the root of the heights of equal volumes of liquid. 
The color imetric deteiToination of hardening and carbide 
carbon ia an easy, quick, and satisfactory method, 
nevertheless attended with certain difficulties, which must be 
mentioned. One of the chief sources of error is the readiness 
with which the carbide is attacked by acids, in consequence 
of which it ia somewhat difficult to obtain atandai-d samples 
of steel with an accm-ately known percentage of hardening 
and carbide carbon. 

Furthermore, the solution of carbide carbon in dilute ] 
nitric acid ia not perfectly stable. The following table showa J 
the losa of carbon in these solutions (or, more correctly, the 1 
degree of decoloration) after prolonged standing, expressed in 1 
milligrams : — 



t 


perlo.c. 


LoHolCwbaa 


i. „«.„»., ■^,S 


...OinK- 


1 Sam|,l«. 


Twenty Twencj'-four 


Twtlltj'-Blli 


Forty-ave 


A 

B '. 

[6 : 


0-262 
0-360 
0-880 
0-536 
0-04!> 


O'OU 
0-OlS j 

... ' 0-015 


0-01 3(0 'oas) 

O'OOO 

0-052 (0-096) 


0-007 (0-085) 
0-020'(b-]18) 



As the above figures show, this alteration is, however, so.| 
' For examplps aee the references already cited. 
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slight that no appreciable error is produced, even if the liqnid 
be left to stand for several hours. 

The scJutions of the hardening carbon, however, behave 
in a very different manner. It has already been stated that 
these solutions, when warmed, are more strongly bleached in 
proportion as their content of hardening carbon is greater. 
Moreover, the colouring power of the original solution appears 
to differ according to the variations in the carbon content, 
even in the case of one and the same steel in a hardened and 
in the annealed state. Tims the samples C (natural hard- 
ness) and D (the same steel hardened in water) gave the 
values — 



Hardening Carbon. 



Sample. 




c 




D. 


Colorimetric, 
per cent. 


Gravimetric, 
per cent. 


Difference, Colorimetric, 
per cent. per cent. 




No. 


Gravimetric, 
percent. 


difference, 
percent. 


1 
2 
3 
4 
5 


0-2360 
0-2250 

• • • 
■ • • 

• ■ • 


0-22 
0-22 

0-22 


+ 0-0160 
+ 0-0050 

t • • 

• • • 

• • • 


0-3730 
0-3940 
0-3677 
0-3730 
0-3568 


1 / 

y 0-55 4 

J v 


-0-1770 

-0-1560 

-0-1823 

-0-1770: 

-0-1932; 


Mean 


0-2310 


+ 0-0110 


0-3729 


0-55 


-0-1771 






Ca 


RHiDE Carbon. 




1 
2 
3 

■ 


0-7102 
07102 


0-71 
0-71 


-t 0-0002 ; 0-4345 
0-4056 
0-4042 


\ 0-38 ^ 
0-38 


+ 0-0548 
+ 0-0256 
+ 0-0242 


M«'{iii 


1-0-0002 


0-4147 


+ 0-0347 



This shows the necessity — in the estimation both of the 
hardening carbon* and the total carbon, by the ordinary 
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Eggertz method — of using standard steel containing as nearly 

as possible similar percentages of both total and hardening 

carbon. 

The mattei' in (^[uestion is a loss of carbon oeeurring 
, in the Eggertz teat, to which attention was first 
f called by H. J. Howe,^ wbu referred to it as " missing 
I carbon," and with regard to which T. W. Hogg * published 

an interesting research, which must now lie dealt with at 



When nitric acid of sp. gi'. 1-2 is used, the colorimetric 
test furnishes results which are classified by T. W. Ho^ as 
follows ; — - 



IE Cubon In tba St«L 



(rt) Aniorphoua carbon 
(6) Normal carliide . 
(e) Dissolved csrbide 
{d) Uakuown carbide 



Black, insoluble. 

Black, magnetic, insoluble. 

Brown, inaoluhlo nitro-componnd. 

Eitlier immediately decompoeed, tdtb ero- 

lutioii of GOg, or forming a colourleas 

compound. 



(ffi) (Amorphous carbon), which is also left unattacked ] 
by hot acid, can only appear in steels rich in carbon 
and low in manganese ; ^ (6) is decompo8e<l by hot nitric j 
acid, both the iron and a brown uitro-compound passing 
into solution ; (c) is disaolred even by cold acid, a brown ' 
nitro-compound being formed ; finally, Hogg regards the 
condition (d) as ideutical with the bo - called hardening 
carbon.* 

' Jinira. Iron and Steel liiat., ISOfl, vol i. p. liO, 

' Joura. Iron and Steel IiM., 1896, vol. ii. p. 178. 

' Tempering carbon. 

* Accoi'ditig to Osmond and Wertb, haiciloniiifr carbon is Ihiit foi'in of t]\e 
element which is disaolvd by cold dilute nitric acid, and therefore comprises the 
forms (e) and (d) of Hogg. Moreover, it ia by no meani) certaiu that there exists 
a definite form of caTbon behaving like Hogg's form {d) ; it isquite possible that 
the different forms of carbou should ]iossesa unci]ual coloring properticK. 
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It Ls thus evident that Hogg, like the author ^ and others, 
was led to assume the existence in steel of a hitherto un- 
known form of carl»on. 

Hogg gives the following table relating to steels of in- 
creasing carbon c^mtent. and with 0*4 to 0*6 per cent of 
manganese, hanlene*! in cold water: — 



Ar-tual Carbi>n Con- 


C<:4orimecricaIIy e>ti- 


Urnt determined by 


nt^ed CArt¥>n in 


Conibtution. 


Hanlened Steel. 


per cent. 


per cent. 


010 


06 


014 


010 


0-21 


010 


0-25 


013 


0-30 


017 


0-35 


017 


0-39 


0-23 


0-45 


0-25 


0-50 


0-2S 


0*62 


0-41 


0-70 


0-35 


0*75 


0-32 


0S4 


0*35 


0-92 


0-41 


1-00 


0-50 


1-25 


0-74 


1-50 


110 


1-64 


1-33 


1-70 


1*35 


2-40 


210 


310 


2'S2 


6-50 


6-50 



C-Difference 

Miaring Carbon. 

percent. 



04 
0-04 
Oil 
012 
013 
OlS 
0-16 
0-20 
0-22 
0-21 
0-35 
0-43 
0-49 
0*51 
0*50 
0-51 
0-40 
0-31 
0-35 
0-30 
0*28 
0-00 



C-Dillerenoe in per 

cental^ of Totol 

Cftrfaon, 

percent. 



40-00 
28-57 
47-62 
48-00 
43-33 
51-43 
41-02 
44-44 
44-00 
33-87 
50-00 
57-38 
58-33 
55-43 
50-00 
40-80 
26-66 
18-90 
20-58 
12-50 
9-03 
0-00 



• I 



The alloy, with ol j^r cent., contained merely traces 
of amorphous carlx)n (tempering carbon), manganese, and 
silicon. 

The alloy with G'50 per cent, is a f erromanganese ; in 
this case rapid cooling does not appear to exert any influence 
on the carbon. 

It is certainly very remarkable that the Eggertz test 

^ " Kohlenstofffornien im Eiseu" (Forms of carbon in Iron), Dr. Ahrens' 
Collection of Cheni.-Tecbn. Lectures (Samnilung chem.-techn. Vortriige), vol. i. 
p. 453. 
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have given a maxim um of loss in the case oi a 
,rdened steel with about 0'88 per cent, of carbon, i.e. a per- 
eon'espondiiig with Professor Arnold's saturation point 
■ith 0-89 per cent. 0).^ 

Basing on AmoW's theory, E. H. Saniter put forward 
following calculation in the disciission on Hogg's re- 
irches : — 
It follows from Hogg's table that 0K9 per cent, of 
carbon in hardened steel — i.e. 100 per cent, of Arnold's 
Bub-carbide (Fe^^P) — gives the same coloration as 0'385 
per cent, of carbon ^ as normal carbide (FcjC). If now, 
in steel containing less than 0-89 per cent, of carbon, 
this latter he present solely as suh-earbide, whereas in 
those with a higher percentage of carbon it occurs in 
altematiag amounts of Fe^^C and Fe^C (iu accordance 
with the excess of carbon beyond the saturation point), 
the intimate composition of the quenched steel will work 
out as follows : ■'* — 

For quenched steel with 1-7 per cent, of carbon 
the saturation point will, for example, be reduced to 
0'76 per cent, of carbon, i.e. not more than 0'76 per cent, 
can exist as Fcj^C, the rest being then necessarily present 
as FcjC. 

For hardened steel with less than 0-89 per cent, of 
carbon, the result of the Eggertz test works out according to 
the equation — ^^B 

Total carbon X 385 ■ 

0'89 ' m 

For quenched steel with more than 0^89 per cent, of 
-carbon, it was assumed that the carbon of the carbide Fe^C 

I ^ MintUei of Froeeedingi of the Inal, qf Civil Eug., vol. rixiii. ji. 127- 
!. 

* Csleulated proportionutely from the values for O'Sj slid 0'92 per cent. 
□. 

* Saniter's consluaiona appear sotncwlmt haiardoiia. 
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gave the full colour value (I), whilst that of the Bub-carbide 
calculates out as — 

Sub-carbide X 0*385 
0^^9 
By the aid of thiH method, and on the basis of Hogg's 
reports, Saniter calculated out the following table : — 



Calculated Percentage Composition 
of the Hardened Steel. 


Percentage 
of Total 
Carbon 


Percentage of Carbon 

found by Colorimetric 

Examination. 


1 










Difference, 
percent. 












Fe. 


FCaC 

• • • 


Fej.O. 
11-3 


(Hogg). 


Found by 
Hogg. 


Cal. by 
Saniter. 


1 


88-7 


0-10 


0-06 


0-043 


1 
-0-017 


84-2 




15-8 


0-14 


0-10 


0-06 


-0-04 


76-3 


• • • 


23-7 


0-21 


0-10 


0-09 


-0-01 


71-8 




28-2 


0-25 


0-13 


0-11 


-0-02 


66-1 


• • • 


33*9 


0-30 


0-17 


0-13 


-0-04 


60-5 


• ■ • 


39-5 


0-35 


0-17 


0-15 


-0-02 


55-9 


... 


44-1 


0-39 


0-23 


0-17 


-0-06 


49-2 


• • • 


50-8 


0-45 


0-25 


0-19 


-0-06 


43-5 


• • t 


56-5 


0-50 


0-28 


0-22 


-0 06 


29-9 


... 


70-1 


0-62 


0-41 


0-27 


-0-14 


20-9 




79-1 


0-70 


0-35 


0-30 


-0-05 


15-3 


■ • • 


84-7 


0-75 


0-32 


0-32 





5-1 


• « • 


94-9 


0-84 


0-35 


0-36 


+ 0-01 


... 


0-5 


99-5 


0-92 


0-51 


0-41 





• • i 


2-0 


98-0 


1-00 


0-50 


0-50 





• • • 


6-35 


93-35 


1-25 


0-74 


0-78 


+ 0-04 


• • • 


10-7 


89-3 


1-50 


1-10 I 0-98 


-0-12 


• • • 


13-05 


86-95 


1-64 


1-33 ! 1 -20 


-0-13 ' 


... 


14-1 


85-9 


1-70 


1-35 ! 1-27 


-0-08 


• • > 


26-25 


73-75 


2-40 


2-10 2-13 


+ 0-03 


... 


38-4 


61-6 


3-10 


2-82 2-79 

1 


-0-03 

1 



The agreement between the calculated carbon content 
and that found by direct colorimetric examination is certainly 
remarkable. 

Albert Sauveur states that the ratio between the 
colorimetric carbon deterioration and the percentage of total 
carbon in hardened steel is almost constant, up to about 1 
per cent., with only two exceptions. If, however, the carbon 
percentage exceed 1 per cent., the colorimetric loss of carbon 
rapidly decreases. To explain this, he draws into considera- 



1 the microscopic structure of hardened steel with different ' 
percentages of carbon. It is known that — 

1. The carbon of hardened steel appears as carbide carbon 
(in cementite) and as hardening carbon (in martensite), 
and I 

2. That the loss of carbon oeciiri'ing in the examination 
of hardened steel by the Eggertz test is confined entirely to 
the hardening carbon. i 

Sanvenr calculated the following table in the subjoined 
manner : — 

If e be the total carbon in the steel, x the percentage of 
martensite, and y that of the cementite, we have — 

x + y=10Q 
and, since the martensite contains 0"9 per cent., whilst the 
cementite contains 6 '6 7 per cent, of carbon — 
0-90a; G'&ly 

Too"'' Too'""" 

These two equations give — 

_ 100*3 -DO 
^"~ 577 
and therefore the percentage of cement carbon is — 
( lOOe-9 0) 6-G7 
577 
whilst the rest is martensite carbon. 

In the following table the columns 3 and 4 give 
the percentage of martensite and cementite carbon 
the steel, whilst the two final columns show the waste 
of carbon produced in the Eggei'tz test, expressed 
percentages of the total carbon and martensite carbon 
respectively. 



[TABU 
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Metallographic 


a> 


lentite 
rbon. 




1 
Decrease of CartwD 


Total 
Carbon 


Compc 


)8ition. 


» S 
per 


'ease < 
rbon. 


in per* 


sent of- 1 

1 








(Hogg). 


Martensite. 


Cementite. 




So 


Total 
Carbon. 


Martensite 
Carbon. 




1 
i 




per 






per cent. 


per cent. 


per cent. 


cent. 


per cent. 


cent. 


per cent. 


perc«it 


0-10 


85M + 15F 


j 0-10 . 





0-04 


40 


40 


0-14 \ 


: r 0-14 i 


N f 


0-04 


29 


29 


0-21 


1 


, 0-21 1 




0-10 


48 


48 


0-25 






0-25 ! 




0-12 


48 


48 


0-30 






0-30 




0-13 


43 


43 


0-35 






0-35 




0-18 


51 


51 


0-39 
0-45 


100 





0-39 
0-45 


' ^ 


0-16 
0-20 


41 

44 


41 
44 


0-50 






0-50 




0-22 


44 


44 


0-62 






0-62 




0-21 


34 


34 


0-70 






0-70 




0-35 


50 


50 


0-75 






0-75 




0-43 


57 


57 


0-84; 




V 


0-84 


y \ 


0-49 


58 


58 


0-92 


99-65 


0-35 


0-90 


0-02 


0-61 


55 


57 


1-00 


98 


2 


0-89 


0-11 


0-50 


50 


56 


1-25 


94 


6 


0-85 


0-40 


0-51 


41 


60 


1-50 


90 


10 


0*81 


0-69 


0-40 


27 


49 i 


1-64 


87 


13 


0-78 


0-86 


0-31 


19 


40 ' 


1-70 


86 


14 


0-77 


0-93 


0-35 


21 


45 


2-40 


74 


26 


0-67 


1-73 


0-30 


12 


45 


3-10 


62 


38 


0-56 


2-54 


0-28 


9 


50 


6-50 


3 


97 


0-03 


6-47 


0-00 


... 


... 


Mean 


47 

1 



The above decrease of carbon, therefore, amounts tc 
47 per cent, of the martensite carbon present, or, aparl 
from the abnormal vahies, 29 and 34 per cent., 49 pe 
cent. 

Thus about one half the martensite carbon escapes A 
tection by the colorimetric method. This coincides precise 
with the carbon determinations made by Howe,^ who found 
loss of 45 per cent, in the case of steel with 0*21 per cei 
of carbon after quenching above the critical point ; it al 
agrees with the figures of Osmond and Werth, accordi 
to whom the loss of carbon in a steel with 0*90 { 
cent, of C amounted to 47 and 51 per cent. From th 
Sauveur concludes that the diminution of carbon stac 

* *• Hardening of Steel," Jowni. Iran aiid Steel Inst, 1895, ii. p. 258. 
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in a constant relation to the percentage of carbon in the 
martensite. 

Howe's treatise, abeady referred to, is of special interest, 
when, as in our case, it is a question of determining the 
diflTerent forms of combined carbon in general. With steel 
with 0*21 per cent, of C he obtained the following 
figures : — 




6 

7 

4 
16 
15 

12 
18 

9 

5 
14 
21 
10 

22 

11 
3 

8 
9 
13 
17 
20 
23 



Hardening 
Tempera- 
ture, " C. 




698 




620 



{ 



600 1 
590 / 



575 
532 
512 
340 
263 
20 



Above At« 



Commencement of 
Middle of Ar, 



Between Arg and J 
Ati . . .1 

Commencement of ) 
Afi . . . / 

End of Afj . . < 



Below Afj 



J 



Decrease of 
Carbon, 
per cent. 



0-092 
095 
0-102 
0-082 
0-095 

102 
0-093 

0-096J 

0-100 
0-084 
0-084 
0-084 

0-091 

0-034 
0-047 

0-029 
0-005 
0-018 
0-000 
0-000 
0-008 



o 



1^ 



Percentage Metallographic 
Composition. 



Martensite. 



100 



97-20 
86-00 

70-20 

35-20 
30-80 
32-00 
31-60 

30-00 

4-00 
2-00 



i 



Pearlite. 



> 



1-60 

17-50 
22-20 

21-10 
23-20 
23-00 
22-60 
24-80 
23-60 



Ferrite. 



2-80 
14-00 

29-80 

64-80 
69-20 
68-00 
68-50 

68-40 

78-50 
75-80 

78-90 
76-80 
77-00 
77-40 
75-20 
76-40 



On calculating from these data the decrease of carbon, in 
percentages of the total carbon (which in this case = marten- 
site or pearlite carbon), we obtain — 



14 
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Above Ara 

Commencement of Arj 
Middle of Arj . 

Between Ar^ and Ati. 

Commencement of Ar^ 
End of Afj 

Below Afi 



Martensite, 
per cent. 



100 



f 97-20 \ 
\ 86-00 / 
70-20 
35-20 
30-80 
32-00 
31-50 
30-00 
4-00 
2-00 



Pearlite, 
per cent. 







( 
\ 





- 


- 

1-60 
17-50 
22-20 
21-10 
23-20 
23-00 
22-60 
24-80 
23-60 



Decrease of 

Carbon in 

per cent, of 

Total 

Carbon. 



43-9 

45-2 

48-6 

39-5 

45-2 

48-6 

44-3 

45-7 

47-6 

40-0 

40-0 

40-0 

43-3 

16-2 

22-4 

.13-8 

2-4 

8-6 

0-0 

0-0 

3-8 



1 
j 
} 



Mean. 



44-5 

46-5 
45-7 

41-9 



M5-1 



I 43-3 ^ 
j 19-3/ 

1 



27-3 



Reverting once more to the previously cited work of the 
author, we find the value of 1 c.c. of the compared solutions 
of total carbon — 



In the case of sample A 


. 0-78 : 


15-30 = 0-051 percent. C. 


B 


. 1-03 : 


21-29-0-0484 „ „ 


» if C 


. 0-93 : 


18-44 = 0-0504 „ „ 


F 


. 1-414: 


26-32 = 00537 „ „ 



Mean 



0-0509 per cent. C. 



On the other hand, the value of 1 c.c. of the cold-pre- 
pared solution of hardening carbon in the same examples 
averages 0*059 per cent, of hardening carbon, and thus we 
obtain the average decrease of carbon in the case of the 
hardening carbon as — 

0-059-0-051 

TT-p-rz = 15-7 per cent. 

0-051 ^ 

On comparing the relative colouring power of the solutions 
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of hardening and carbide coal, in the same examples, and in 
sample D, and Betting down that of the carbide aa =100 
we obtain— 

Sample A (amiealed) . . 78'46| -pi" 
„ B „ . . 77-87i """"" 
L ,, C {natural harduess) . 83-66 
■ „ D {hardened in wntev . r)2-55 

^k^ Hence we have — 




1 


Louring Powerol aolutimi Irom- 


Howe. 


Oamoail and Werth. 


Suiveur. 


JQptoflr. 


1 


Cftrbide cttrbon . 
Total carbon . 
Haniening carbon in au- 

neaW steal . . . 
Hardening carbon in liar- 

dened steel . 


1(10 


104 100 
100 96 

88 85 

51 85 


iob 

Gl 


loa 100 

100 02-7 

84 78 
53 S2 


L 


'.c. a concordance between the various independent experi- ^^ 
ments, that is the more remarkable when it is remembered 
that they were baaed on different normal steels (t.c. in different 
conditions of hardness). 

It may therefore be considered as proved that the 
different forms of carbon in nitric solution have different ^^ 
colouring powers. The carbide carbon is the strongest in ^^^| 
this particular, the hardening carbon being weaker; though ^^H 
with regard to the latter a distinction must be drawn between ^^H 
two varieties of different colouring power. Of these, the ^^H 
Imrdening carbon from annealed steel is stronger than that ^^^| 
from hardened steel ; the former variety occurs in pearHte, the 1 
latter in martensite. 

If we arrange these forms of carbon in accordance with ^J 

their colouring power, we have — ^^^| 

Kind of Carbon. Colouring Powar, ^^H 

Hardening carbon in Martensite . 52 = 2'08 or nearly 2 ^^H 
Pearlite 78 = 3'10 3 ^^M 

Carbide carbon in PearHte . . 100-4-00 4 ^^1 
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Consequently, in view of their chemical behaviour, we may 
apply to these three forms of carbon the simple names, bi-, 
tri-, and tetra-carbon, their occurrence being, moreover, as 
follows : — 

In Martensite (chiefly, if not solely) . . bi-carbon. 
Free cementite . . . bi-, tri-, and tetra-carbon. 
Pearlite tri- and tetra-carbon. 



CHAPTER V 



OPINIONS AND RESEARCHES ON COMBINED CARBON- 
{Conclusion) 



TuRSiXG to the matter of researches mainly concerned 
with the gaseous products obtained when iron-earbon 
alloys are dissolved in acids, mention must first be made ' 
of the labours of Helge Eiickstrom and Gunnar Paijkul,* i 
who determined the amount and carbon percentage of 
the gases liberated in disBoIviiig different kinds of iron 
in acids. The process of solution being effected without 
access of air, these workers attempted at the same time 
to determine the iron content in the resulting solutions, 
by titration with permanganate. The results obtained, 
however, were fluctuating and generally too high, whence it 
was concluded that a portion of the carbon is dissolved in 
the liquid in the form of some oi^anic compound exliibiting 
a pecuhar odoui\ 

The results obtained are collected in the subjoined 
table on next page. 

From these data it follows that — 

1. The carbon hberated as gaseous hydrocarbon is not in 
proportion to the combined carbon present ; 

2. None of the kinds of iron examined gave off either 
the whole or a proportional part of the combined carbon as 



' FraaBiiiua, ZeUaa./. analyi. Chemie, 1GS7, p. 683. 
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3. Hydrochloric acid gives a larger volume of gas, and 
one richer in carbon than sulphuric acid of the same relative 
strength (1 : 25) ; 

4. The volume of <^as liberated ^ is not in proportion to 
the percentaf^e of chemically combined carbon present. 



Total 

Carbon 

in Iron, 

per cent. 



0-00 
0-11 
0-20 

0-26 

0-50 
0-60 
0-60 
1-00 
1-00 

1-30 
3*28 

3*80 

3-87 



3-90 
4-24 
6-37 



Kind of Iron. 



G.c. of Gas 
from I 
1 g^rm. of 
Iron. I 



Pure iron (atomic weight, 55*91) evolves 
Eggertz's normal wire 
Iron wire 

Eggertz's normal wire 

Iron wire from Bofors 



»» 



»> 



)i 



of temper 



Iron 

Steel wire from Bofors 

Bessemer steel with 0*13 per cent, 

ing carbon 
Eggertz's normal wire . 
White pig iron with 0*41 per cent, of 

graphite 

Grey pig iron witli 3 '45 per cent, of graphite 

White pig iron dissolved in sulphuric acid . 



n 



i> 



>> 



HCl 



Grey pig iron with 3 '55 per cent, graphite . 

White pig iron 

Ferromanganese with 84 '30 per cent, of Mn, 
7 *72 per cent. Fe, no graphite 



399-6 
i 398-7 
I 396-9 
r 392-5 
\; 393-6 
■ 378-5 
i 386-3 
I 391-3 
356-0 
383-2 
380-2 
353-3 
297-8 
298-4 
383-3 
295-7 
290-8 
282-8 
309-5 
311-1 
372 
296-3 
287-5 



{ 

I 

{i 
i' 



Carbon 

in Iron, 

percent 



0-180 
0-165 
0-346 
0-356 

0-242 

0-776 

0-645 

0-492 

1-94 

2-12 

2^5 
2-276 
2-235 
2-546 
2-552 

2-806 
3-80 



The influence of hardening on the gaseous products evolved 
is expressed in the table on next page. 

Hence hardened steel furnishes a larger volume 
and a more carbonaceous gas than unhardened; neverthe- 
less, even here the differences between the volume of 
gas liberated and the amount of carbon are by no means 
proportional. 

^ Also the difference between the volume of gas actually found and that 
calculated from the iron content. 
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The earliest inTeBtigationa on the nature of the evolved 
gases date as far back as 1864. Hahn ^ obtained divers 
hydi-ocarbons from different sorts of iron ; some of these \ 
gaseous, ami helouged to the oleline series (CnH,,,) ; another I 
portion, also gaaeous, belonged to the paraffin series (CnH^n^j) ; J 









Percent 
"sect 


UiAordened. 


Uudennl. 


Kin.l of Iron. 


0.C, of 
Gas from 


£■ 


Q-tln 
Oaabnin 

ISTTO. 


draw, 


I. 1 

II. 1 

III. 1 

IV. 1 
V. 1 


Iron wire f 

cold ham 
Iron wire 

cold bam 
Iron wire fr 

Eold honi 
Iron wire 

cold ham 
EggerU's n 


omBofors . 

rom Bolors, 
mered 

rom Bofora, 

mered 

oni Bofora . 

rom Bofovsi 

rom Bofora, 
nered 


0-30 
0'30 
OCO 
0'50 
0-50 

0-50 

0'60 
O'SO 
TOO 
1-00 
1-00 
I'OO 
I'OO 

1-00 

1-30 
1-30 
1-30 


39S'8 
393 '8 
384-9 

380-4 

380-4 

388-3 
3SB-0 
356 -0 
364-0 
355-6 
34fl-l 

345-4 

369-2 
S53-3 
351-2 


0009 
0-0013 
0-0016 

0'0012 

0-0013 

0034 
0OOS8 
0-0025 
0-0023 

0-ooia 

0-6()'l2 
0-0013 
0-0051 
0-0084 


398-5 
3S8-5 
397-5 
3B7-5 

395-0 
395 -0 
386-1 
886 -1 

384-4 
3S4-3 


0-0018 
0-0018 
0-0035 
O'O0S4 

0-0045 
0-0044 
0'D083 
0-0077 
0-0088 

0-0083 



whilst another consisted of unknown liquid hydrocarbons. In 
1887 Cloez^ dissolved manganifei-oua white pig iron, con- 
verted the olefine hydrocarbons in the evolved gases into the 
di-bromine derivatives (C„H2„ + Br^ = C^Ha^Brg) by absorp- 
tion in bromine, and detected a part of the unabsorbed gases 
as paraffins liquid of low boiling point (CigH^g in particular), 
a residue of li(|uid hydrocarbons being left unidentified. Both 

' Liebig-B C7«m, Ann., 12S, p. 57. 
- Coinpt, rinid,, 86, x. 3. 
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Hahn and Cloiiz qualitatively proved the presence of the 
olefines — 



Ethylene 

Propylene 

Butylene 

Pentylene 

Di-hutylene 



and Cloiiz identified the paraffins — 



Decane . 

Monodecane (TJndecane) 

Dodecane 

Tridecane 

Tetradecane 

Pentadecane 

Hexadecane 



C2H4 
C4H8 



^10^22 
^11^24 



0^2^26 (preponderating) 



^13^28 
^14^30 
^16^32 
^16^34* 



Whereas the labours of these workers were chiefly 
of a qualitative character, E. W. Campbell^ attempted 
to carry on the investigation in a strictly quantitative 
manner. 

The method employed was as follows:— The steel was 
dissolved in hydrochloric acid, the liberated gases being 
passed through bromine, in order to convert the un- 
saturated hydrocarbons into their di-bromine derivatives 
(CjjHgnBrg), whilst the unabsorbed portion was measured, 
and the carbon contained in the gaseous paraffins therein 
was determined by the explosion method and by measuring 
the resulting COg. The di-bromine derivatives were 
purified, dried, weighed, analysed, and subjected to frac- 
tional distillation for the identification of the individual 
constituents of the mixture. Although the fractional dis- 
tillation test revealed the presence of ethylene, propylene. 



^ Trans, Ainer. Inst. Ming. Emg.^ Feb. 1897 ; Joum, Iron and Steel InsL, 
1 899, vol. ii. 
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butylene, pentylene, and hexylene di-bromide, as well 
as of di-butylene tetra-bromide, subsequent investigations 
sliowed that the latter body is fonned, during distillation, 
by tbe polymer isati on of butylene di-bromide, and is 
not present — in any appreciable amount at least — 
in tbe original derivatives. However, although all the 
derivatives, from ethylene di-bromide to bexylene di- 
bromide, could be detected qualitatively, tbeir separa- 
tion in a quantitative manner by fractional distillation 
in vacuo could not be effected with sufficient precision. 
Consequently, for the time being at least, Campbell had 
to content himself with calculating from the bromine 
content of the derivatives the mean number of carbon 
atoms in the moleeide. 

The results of bis examination of several samples of steel 
are given below : — 





















"^*" 


Annealed . 


O-.'iS 






annealed 




Annealed . 


1'14 


Hardened 


1-14 


Annealed . 




Pure carbide 




from Dfan- 




uealed) 





83-6 

.„ 


29-3 


; ■72'fi 

, 75 'fi 


3? -9 


18-7 


■ 73 '8 


48-6 


22 ■! 


77-1 


44-3 


24-7 




25-2 


39-5 





llll 



Tbe number of carbon atoms in the molecule of the 
derivative obtained from the pure carbide was deduced from 
the results of the gas analysis by dividing the volume of COj, 
formed by the explosion of the defines, by the initial volume 
of the defines. 



^1 pair <: 
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From the foregomg data Campbell concluded — 

1. That the mean Dumber of carboD atoms in the molecule 
of derivatives from annealed steel varies inversely with the 
carbon content ; 

2. That the amount of the gaseous paraffins liberated 
(probably methane, CH^, or ethane, CjHo) increases with the 
carbon content : 

3. That, in one and the same steel, hardening seems to 
diminiab the nimiber of carbon atoms in the molecule of the 
derivative, whilst on the other hand the amount of carbon in 
the liberated gaseous parafflns is increased; 

4. That, from the carbon content of the above samples of 
steel, it follows that "F, annealed" must consist of pearlite and 
ferrite, " C, annealed " and " D, annealed," on the other hand, 
of pearhte, with increasing quantities of cementite. The 
number of carbon atoms in the molecule of derivatives from 
" F, annealed," and in the pare carbide isolated from the " D, 
annealed," is nearly identical (4'32 and 4-41). Since the 
number of carbon atoms from " D, annealed " is far smaller 
than in the free carbide isolated therefrom, tiie free cementite 
must yield derivatives with a smaller atomic proportion of 
carbon than the isolated carbon, in order to furnish the 
mean 3 '26. 

From these researches Campbell rightly concludes that 
various carbides, with different molecular weights, must exist 
in steel. All previous investigations gave the empirical 
formula FcgC for the carbide of annealed steel ; consequently 
the only eom-se open is to assume that iron forms with 
carbon a series of compounds (to which Campbell gives the 
appropriate name " ferrocarbons "), exhibiting the empirical 
formula (CFe3)n, or, more correctly, CnFe^i,. These compounds 
constitute a homologous series, the membera of which may 
be regarded as derivatives of the oletine series, in which each 
pair ot hydrogen atoms is replaced by the di-valent gi'oup of 
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atoms F&C'^ } On solution in hydrochloric acid, these 

hydrocarbons furnish hydrogen and the corresponding defines 
as primary decomposition products. Whether a ferrocarbon 

of such simple composition as Fe^„ ^C (the first member of 

this homologous series) actually exists, is unknown, and will 
probably remain so, since the initial products of solution in 
hydrochloric acid would be — 



CI 
Cl-H H-Cl 

H 
H 

H H 



H-H CI 



Fe-Cl 



H 



Fe- 



CI 



Cl-H 



C 



Cl-Fe 



C-H 



CI 



H 



This, however, would furnish methylene, which, up to the 
present, has not been isolated, and which — containing an 
unsaturated carbon atom — would either immediately unite 
with hydrogen to form methane (CHJ, or probably form 
ethane (CjHj) after previously undergoing polymerisa- 
tion. 

The next member of the ferrocarbon series (C2reg) would 
furnish the first known member of the olefine series (namely, 
ethylene, CgH^) as the primary product of solution, according 
to the equation — 

.Fe- 
^ Or, more correctly, Fex^ | 

^Fe— 
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CI H- 


-H 


CI 


Cl- 


-H H-Cl 










Cl Fe -™Fe 


CI 


CI - Fe 




Fe - CI 




\ 










H 


H 


\ 




H 
H 






H 


( 


D Fe 




H-C-H 




Fe-Cl 




H-Cl 


CI 












H-Cl 




=r 






CI 


C 


^ Fe 


CI 








CI 


H 1 


















1 1 






H 


H-C-H 




Fe-Cl 










H 






H 


CI F 


e Fe 










Cl- 


H H-Cl 


CI 


CI - Fe 




H 

Fe-Cl 








CI H- 


-H 


CI 


The d 


ecomposition 


of 


the third member 


goes on in 


accordance 


with the equation- — 






Fe 












^ % 






H H 






Fe-Fe 






\/ 






\ / 






C 






C 














+ 18HC1 = 


C-H + 9FeCl2 + 16Hj 


C-Fe< 


^ 












Fe 




H-C-H 






C-Fe^ 


^ 










/ \ 






H 






Fe - Fe 












\ ^ 












Fe 












and s( 


3 on. 

















As a matter of fact, however, the decomposition products 
are not so simple as these equations "would imply, being 
influenced by two known facts, namely — 
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1. The olefines enileavour to unite with nascent hydrogen 
to form tlie coiTesponding paraffins, according to the equation 
CnHgj, + Hg = (J|iH2|,_|_2. This explains the appearance of large 
quantities of methane (CH,), prolialtly together with ethane 
(CgHg), whereas methylene has not yet been isolated at all. 

2. The higher olefines exhibit a decided tendency to 
polymerise under the influence of acids. This tendency is 
already decidedly vieihlc in the case of propylene, and is 
particularly pronounced with butyleoe and the higher ' 
members. | 

The carbon left unrecognised in the earlier researches 
forms liquid hydrocarbons of high boiling point, which are not 
removed by steam or hydrogen when the steel is dissolved. 
Whether these high-boiling bydi'ocarbons represent primary 
solution -products, or haye been formed by polymerisation and 
absorption of hydrogen from lower members of the define 
sei'ies, has not yefc been determined. 

With reference to the apphcation of his hypothesis to the 
theory of steel, Campbell says : " During the last three years 
I have endeavoured to ascertain what value it (the coefficient 
n) possesses in the different sorts of steel, and my studies 
have led, with a fair degi-ee of concordance, to the result that 
C^reij preponderates in steels with less than 1'3 per cent of 
carbon ; nevertheless the derivatives obtained have proved, 
in a fairly certain maunei', the presence of CgFeg, CjFcj, and 
CgFeij. The proportion of C^Feg in annealed steel increases 
with the carbon content. Mtjreover, in the steels in question, 
more C^Feg appears after hardening than after annealing. 
Bearing in mind that the solution-products of lianlened steel 
are qualitatively the same as those furnished by the same 
fiteel after annealing, it appears fah'ly certain tliat the former 
contains the ferracarbous (or, as is usually said, u'on carbide) 
in a dissolved state." 

The assumption of polymeric iron carbides harn 



L 



222 



SIDEROLOGY: THE SCIENCE OF IRON 



fectly with the facts already mentioned, which already indicated 
the existence of more than two different forms of combined 
carbon. Particularly interesting, however, is a comparison 
of the different colouring power of the forms of carbon 
differentiated by the present author, with the various members 
of Campbeirs polymeric series. According to the latter 
worker, the carbide G^Voq predominates in hardened steel; 
according to the author, the bi-carbon. In annealed steel, 
Campbell ascribes the predominance to the carbide C^e^: 
the author giving this position to the tetra-carbon. 

Again, Campbeirs observation that steel with over 1'3 
per cent, of hydrocarbon contained increasing amounts of 
CgFcg is confirmed by a comparison of the samples C and G. 

Whether the deposited free cementite is identical with 
that contained in pearlite, can only be ascertained by further 
examination ; nevertheless, a comparison of the samples C and 
G makes the probability of this very slight. 

If we bear in mind the remarkable relation existing 
between the colour intensity of the three forms of carbon 
already referred to, and the degree of polymerisation of Camp- 
bell's carbides, the endeavour to identify the two series will 
not appear too venturesome. We should then have — 



Behaviour towards cold 
dilute Nitric Acid. 



Soluble in the cold 
Soluble at 80'^ 0. 



Colour intensity of j Varif fcv of fJarhon 
the Solution. I vanety ol Uarbon. 



2 

3 

4 
? 



Bi- carbon 

Tri- 

Tetra- 



Possibly correspond- 
ing Carbide. 




At anyrate, the carbide (-'5^615 should give a solution with 
the colour depth 5 (i.e, l*2o the strength of C^Fcig); never- 
theless, according to Campbell, this compound appears only in 
small quantities, and therefore cannot appreciably alter the 
colour of the nitric solution of carbide carbon. 



CHAPTER VI 

^APPLYING THE CURVES OF SOLUTION DEDUCED FROM~" 
THE CUEVES 01' RECALESCENCE TO THE DETER- 
MINATION OF THE CHEMICAL COMPOSITION OF 
THE CARBON PRESENT IN IRON ALLOYS 



On referring to the ciu-vea of solutiou of pure ii'on-carbon ' 
alloys, as commuaicated by Roberts -Austen/ and illustrated 
in Fig. 82, Plate X., we flm.1 that the line A B corresponds to 
the sohdification of metallic iron, B D to the deposition of 
graphite from the liquid metal, and a B c to the sohdification I 
of the eutectic alloy. Furthermore — 



G corresponds to the c 
MO 



PSF' 



itical points A^ (deposition of pure iron), 
„ Aj {renewed depoBition of pure ] 

iron). 
„ Aj, 2 (renewed deposition 

pure iron). 
... (depoaitione of free i 
carbide). 
A, (or 



Q of 1 



irtenaite into 



pearl ite. 
Directing attention, in the first place, to the curves 
illustrating the solidifioation of tiie liquid u'on-carhon alloys, 
the first requirement fur deducing therefrom the constitution 
of the carbon is a knowledge of the fusing point of pure iron 
and its latent heat of fusion. The former of these has not 
' Fjfth Report to the Alloys Eeuarch Cotaniillee of the Ijut. o/Ji£eck. Sng., 
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been determined witli precisiou, tlie reports on this questo |iil 

T„ - 273° C. = 1587° C. (Danielle). 

= 1500° to 1600" C. (PouUlet). 
= 1804° C. {Camellay). 
= 1600° C. (Pictet). 
= 1500°C. (Osmond). 



At the present time it is usually taken as 1600" C. 
Still less reliable are the available data with 
the latent heat of fusion — 




ipectto 



Grey pig iron . . w = 23 calories (Gruncr, Troilus). 
White „ . . =33 „ ( „ „ ). 

Steel (estimated) =20 „ (Campbell). 



True, Person has given the general fonnula— 



for the latent heat of fusion of sohd bodies, k representing the 

module of elasticity, and d the sp. gr.; but, though thia formula 

gives satisfactory values for lead, tin, bismuth, zinc, and silver, 

it is by no means certain, and the value, 1^= 57 caL, which it 

gives for iron (4 = 20,000, d = 'J-^), is so high and differs so 

widely from Gruner's figures, as well as from the latent heat 

of fusion of nickel (jo = 4-64), the metal so nearly resembling 

iron, that it appears advisable to assume w = 20 caL^ 

Hence the molecular depression of the solidification point 

of iron is — 

IV 1873= 

E = 0-0198 ■ ^ = 00198 --^^ = 3273 

and, aHsuming that pure iron is deposited on the solidification 

' For iii«kr:l, A-=21,400 {Verh. d. Vtr. ;. Bef. d. OeUKrli'jtcli 
ti = 8-60 (Fogg. Ana., Ixiviii. p. 97 ; Liehig'a Jahreaber., 1886, p. 294 ; 1888, p. 
283), from which, according to Peraon'a formula, we ahoitld have to— SI 
or 6'44 timea the value actually found. This aBbrds an indirect confirm aBalial 
the asyumptiaii that w = 57 must be too high for iron. 




THE CURVES OF SOLUTION, ETC. 



jrding to van't Hoff's equation M = 



he alloys, 

ibtain the following values for the molecular diraenBions 

be carbon dissolved in molten iron at the sohdification 











Holeculur 


Number or 




Pdtnt,"^. 


S'sir 


m. 


SiS<S' 


AtameiQ 

DiBBOlvcd 




Point, 'C. 




C^'n, 


C-Molecult 


Fi. 








M. 




lOO'O 


1600 










■0 IOO-0-9B-0 


1 600-1 J60 


0-140 


»-l-01 


23-812 


l'-97 


5 1 98-5 


1400 


200 


1'd2 


24'876 


2.07 


B 88-2 


1370 


aso 


1-83 


22-857 


1-90 


1 ! 97-e 


1300 


300 


2-48 


26-839 


2-24 


8 fl7-2 


1255 


345 




37 ■328 




i 96-8 


1200 


400 


3'fi2 


28-801 


2-40 


3 86-7 


1130 


470 


4 ■49 


31-284 


2-81 



According to these figures, then, iron between 1600" and 
t 1400° C. would contain in solution diatouiie molecules 
arbon, with which a progressive association of triatomic 
iculea occurs as the temperature falls. At about 1160° 
he number of di- and triatomic molecules of carbon 
ant in the solution wonld be nearly identical. This 
Bs thoroughly with the fact that, in general, the compoai- 
of the bodies appearing in solution is the more complex, 
he molecular weight is the greater the deeper the fall in 
temperature of deposition. In fact it explains this de- 
sion in the temperature of deposition, since, as a general 
, the increasing molecular weight of the dissolved body is 
mpanied (provided this increase in molecular dimensions 
le result of piire polymerisation, and not of incorporation 
he second constituent of the solution) by a reduction of 
number of its molecules as compared with those of the 
od constituent, and consequently (in the case of substances 



r. JUptner, Joam. Iron atid Steel Inai., 1 
la. 11, 12, and 13. 



IS ; Stahl UTid Eiaen, 
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1 



not of unlimited miscibility) a decrease in the possible 
maximum limit of its intramolecular volume. Hence the 
solvent power of the first constituent for the second is 
diminished, and the latter is therefore compelled to separate 
out. 

To be sure, the laws of solution apply " in their strict 
sense only for dilute solutions, and can only serve for 
approximate orientation in the case of concentrated solutions 
{e.g. 10-20 per cent.)." ^ Nevertheless, in the present 
instance such dilute (4*3 per cent, of C at the most) solutions 
are in question, so that even in this respect the result of our 
calculation may be regarded as probably correct. 

On the other hand, however, Heycock and Neville * have 
drawn up a formula also applicable to concentrated solutions, 
by means of which A. Stansfield* finds that the molecules 
of the dissolved carbon, both in liquid steel and in pig iron, 
consist of two atoms. 

The equation — 

00198.T T-T 00198 + 1873 /1873 \ 
M= —- 7/1—-= J- ml^— — -Ij 



w 



t 



20 
1873 



= 1-85 m\——-l) 

z 

to wit, furnishes the following values : — 







: 


1873 




1 
1 


m. 


l-85m. 


t. 

; 


t.' 


M. 


n. 1 

1 


1-01 


1 -8685 


1 

1 140** 


13-378 


23-127 


1-927 


1-52 


2-8120 


200° 


9-365 


23-622 


1-960 


1-83 


3-3855 


230" 


8-144 


24*186 


2-016 


2-46 


4-5510 


, 300° 


6-243 


22-761 


1-897 


2-88 


5-3280 


345° 


5-429 


23-598 


1-966 


3-62 


6-5120 


400° 


4-682 


23-977 


1-998 


4-49 


8-3065 


470° 


3-986 


24-796 


2-066 

1 



^ Nernst, Theoretische Chemie, 1st ed. p. 394. * Joum, Chem. Soc 

^ Joum. Iron aiid Steel Inst.. 1899, vol. ii. ; see also p. 84 of the present work* 
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AU theae calculationB, however, apply only when pure 

I is deposited on the cooling of the liquid iron-carhon alloy 

r the line A B, Should this iron, as seems very probable 

L the niicroBcopical examination, contain dissolved carbon, 

1 the above caladatioDS give results in exoess of the truth, 

fie molecule of the dissolved carbon must contain It 

two (or 2'6) atoms. Now, as it is impossible for ] 

[jleculeB to contain fractions of atoms, it is evident that, 

[der these circumstaneeB, monatomic molecules of carboii 

1 be dissolved in the ii'on.^ 

. is, however, necessary to examine more closely the 

momena occurring in the cooling of liquid iron-carbon 



1 the firat place we encounter the problem. Whether the 
>sition occurring in the course of such cooling consists of 1 
I iron or of a solid solution of iron and carbon ? " In i 

rich in carbon the latter is undoubtedly the 
with iron poor in carbon the matter is difficult to 
cide. 
According to Sauveur,^ the carbon content of martensite i 
i from 0"12 per cent, (in very mild steel, quenched ' 
I the critical temperature) to 0-90 per cent, (in hanj j 
lel). Steel with 0-09 per cent, of carbon contains, when I 
quenched above Ar^, 77 per cent, of martensite and 23 per J 
cent, of ferrite. Tlierefore above Ar^, 0'12 per cent, of ] 
carbon nmy unite with 99'80 per cent, of ii'on, or, in round ] 
numbers, 1 part of C with 800 parts of Fe. The martensite | 
cannot take up any more ferrite, and, if the steel contain les 
than 0'12 per cent, of carbon, the excess of unabsorbed iroi 
is present as free ferrite. 

■ A. Stansfield, /or. cil. ; i 
polyatciniic carbaii molecules ce 
in the BolutioB. 

' H. V. Jiiptner, Jaiini. Iron and 3\ 

' The iSii^roslructure of SUd. 
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From this results, according to Sauveur- 



Temiverature. 



Above Ai's . 
lietween Arg ami Ar.^ 
Between Ar2 and Ar| 
At Ar| 



Saturation Point (in Maitenaite) of the— 



Fe for C* 



? 

? 

? 

0-90 per cent. C(l : 110) 



CforFe. 



0-12 per cent C(l :800) 
0-25 „ ,,(1:400) 
0-50 „ ,,(1:200) 
0-90 „ .. (1 : 110) 



)) 



>» 



* The point of saturation of Fe for C in martensite and austenite together is dedudUe 
from V\g. 82 as follows :— 



090' C. 
800° .. 



860° 



>> 



0*82 per cent. C 

0-90 

lOO 



i> 



900" C. 
1000" „ 



1*10 per cent C 
1-07 



i> 



*• 



With less than 01 2 per cent, of carbon, a little ferrite 
remains unabsorbed on further heating (above Ar,). 

These reports find confirmation by Osmond's observations,^ 
according to which a steel with 0*14 per cent C, 0*045 per 
cent. Si, 0*018 per cent. S, 0*01 per cent. P, and 0*19 per 
cent. Mn, gave — 



Heated to 960" C, quenched 
at 670" (between Ai'i and 
Ar..) 

Heated to 960' C, (lueuched 
at 770" (between Arg and 
Ar3) ! 

Heated to 960' C, quenched i 
at 820° (middle of Arg) 

Heated and quenched at ' 
1000' C 

Heated and quenched at 
1340" C 



Martensite. 


Ferrite. 


14 


86 


24 


76 


46 


54 


61 


39 


90 


10 



Approximate 

percentage of 

Martensite 

C3arbon.a 



1-0 

0-58 
0-30 
0-23 
0-16 



C. : Fe. 



1 
1 
1 
1 



9»^ 

171-41 
332-33 
43378 
624-00 



^ Discussion on Sauveur's paper. 

- The figures show that the solubility of iron in the carbon (or, mow 
correctly, the carbide) of martensite increases considerably as the temperatoie 



rises. 



It muBt therefore be left to fui'ther investigatious at very ^^^| 
igh temperatureB to determiue — ^^^| 

1. Whether we have here to do with an actual limit of ^^^H 
ituration between iron carbide and iron, or whether the ^^H 
bserved amounts of ferrite cannot probably be explamed by ^^H 
le slownesB with which the phenomena of solution and ^^^| 
sposition proceed in Bolid iron ; and ^^^| 

2. Whether, in the case of lower percentages of carbon, ^^H 
irrite still appears also in the immediate vicinity of the ^^| 
ising point. ^^| 

It seems probable, from the outset, to suppose that the ^^^| 
rrite line will traverse the fusing point of the pure iron ; ^ ^^^H 
evertheless, an entirely different behavioxu' could he deduced ^^H 
■oin the foregoing figures. If, namely, we take the differ- ^^H 
icea in the ferrite content, we have — ^^^| 


Tediperatuta Wflerence. 


FerHUDiHerence, per cent, 


pTr'rcrper»!it 


1 


770- 870 = 100° 
■ 8-20- 770= 50° 
1000- 820 = 180° 
1340-1000 = 340" 


86-76 = 10 
76-51=22 
54-39 = 15 
39-10 = 29 


O'lO 
0-44 

0-oa 

0-08 


The decrease in the amount of ferrite thus attams a 
aximum at Arg, and diminishes rapidly at both higher and 
wer temperatures, so that there is always a possibility o: 
i-rite {i.e. pure iron) beiug deposited first, when the u-ou is 
jry poor in carbon. 

Another point worthy our attention is the '|uery. How 
uch carbon is contained in the portion of metal solidifying 
■st during the cooling of liquid iron rich in carbon ? 

Let UB assume that the liquid eutectic alloy contains 4-3 
sr cent, of C and 957 per cent, of Fe, or 22-25 parts of 

' See Figa. in thi: autlior's paptr on thtaulutiou theory, Jrmra. Iron and Sleel 
II.. 1888. vol. ii. 
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iron to each 1 part of carbon. If, in alloys poorer in carbon 
than is the eutectic, the excess of iron were deposited as 



fG »UUUiU UtlVtJ- 

Total Carbon. 


Eutectic Alloy. 


Ferrite. 


4*3 per cent. 


100-00 





4-0 „ 


89-00 


11-00 


30 „ 


66-75 


33-25 


2-0 „ 


44-50 


55-50 


1-2 „ 


• 26-70 


73-30 



From our experience with steel, this is decidedly incorrect, 
since we must on the contrary assume that, in the case of 
alloys rich in carbon, the first to solidify will be, not pure 
iron, but an iron-carbon solution, whilst the eutectic alloy will 
not solidify till the last. This iron-carbon solution, however, 
is probably austenite, the quantitative composition of which 
is unfortunately unknown. Since, in the course of further 
cooling, it is converted into martensite, it must contain at 
least as much carbon as this latter (1 part C to 110 parts Fe 
at 600° C, and 1 part C to 57*8 parts Fe at 1000° C.^ 
Probably, however, at least in alloys rich in carbon, it contains 
more carbon, since otherwise the separation of cementit-e from 
such kinds of steel would be inexplicable. Still, no approxi- 
mate calculation can be based on these reports, nothing being 
known as to the carbon content of saturated martensite at 
higher temperatures. 

By marking down in the graphical sketch. Fig. 82, the 
three austenite points determined by Osmond, viz. — 



Percentage of C. 


per cent. Anstenite. 


50 per cent. Austenite. 


1-0 


above 1000° C. 


• • • 


1-5-1 -6 


„ 740° C. 


1140° C. 



it becomes evident in the first place that a straight line 
drawn through the two per cent, austenite points encounters 

^ Deduced from Fig. 82. 
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the fusing point of pure iron. Eveu if only accidental, 
this shows that the temperatures at which iron oarliide 
is stable are higher the larger the excess of iron present 
^a phenomenon that is moreover very probable), and that 
the formation of iron carbide, or the conversion of 
austeuite into marteuaite, is accompanied by absorption 
of heat. 

Be the rest as it may, in any event it is very remarkable 
that the end of the solidification curve of the hquid eutectic 
aJloy (in Tig. 82) lies to the right of, and not very far away 
from, the per cent, austenite line. Tbis, in the first place, 
again confirms the bypothesia that austenite is a solution of 
elementary carbon in iron, since it is only from such a solu- 
tion that deposititm of graphite can occur. 

Assuming that the per cent, austenite curve ia actually 
a straight line, which at anyrate is fairly accurate within the 
points (1"0 and 1*5 per cent. C.) determined by Osmond, we 
then have for the composition of martenaite — 






Percentage 


rc. 


Farts at Fe to 1 port C. 




1130° 0. 


0'86 




115-28 


12-90 


1040° C. 


I '00 




9S 


30 


15 


DO 


1000° C. 








46 


le 


35 








S-i 


33 


IS 


30 


BBO" C. 


0-82 




120-95 


12'30 


• Poanfaly a li 


ttletflohighii 


™- 


uenceolBslishtcleporitio 


..otKrjkphite. 



Thus we see that, starting from 690° C, the solubility of 
the carbon, or the carbide, increases up to a maximum 
at about 930° C, from which point onwards it recedes once 
more, 

Under the assumption that iron at the fusing point con- 
tains only austenite, but no martensite, it would appear from 
an analysis made by Saniter,^ according to which, molten iron 



' Jour 






', Steel Inst., 1897, vol. i 
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carbide with only 0*05 per cent, of S and 0*15 per cent, of *| 

Mn contained, after slow cooling — 

Graphite . . . . 3*05 per cent 
Combined Carbon . . . 1*22 „ 

Total . 4-27 per cent. 

and therefore corresponded to the composition of the eutectic 

alloy, that the composition of austenite at 1130** C. is as 

follows : — 

Combined carbon . . . 1*27 per cent. 
Iron 98-73 „ 

Total . 100-00 
(Hence there are 77*74 parts of iron to 1 part of carbon.) 

If now we take C to represent the total carbon, and 
Ca> C^, Cg the portions of carbon appertaining to austenite, 
martensite, and graphite respectively, we shall then have — 

76-74 C;+ 118-28 C^ + Cg=100 

and hence C^ =2-66-2-10 C + 2*07 C^ 

Now, in the case of steel with 1*2 per cent, of C at 

1130° C. (since the same contains 50 per cent, of martensite, 

provided the 50 per cent, austenite curve has been correctly 

drawn, i,e, passes through the fusing point of pure iron),^ 

0-86 
C^ = — ^ — =0-43 per cent., and thus — 

0-43 = 2-66 - 2-07 C + 2-04 C,^ 
= 2-66 -2-52 + 2-07 Cg 

, . 0-20 

wherefore C^ = — rw =0-14 per cent. 

As a matter of fact, the eutectic curve extends also a 
little below 1*1 per cent. C, so that a slight deposition of 
graphite must apparently occur. 

This consideration finally leads to settling the carbon content 

^ This must be the case if the assumption that the per cent, austenite 
curve traverses this poiut, and that molten iron contains none but elementary 
carbon, be correct. 
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in marteDsite at 1130° C. aa 0'86 per cent, atthemust, audof 
austenite 127 per cent., the latter therefore containing in round J 
figui-ea one and a half times as much carbon as martenaite.^ 

The fii'st attempt to deduce the molecular weight of the J 
dissolved carbon — or, more properly, carbide— from the curves j 
of solution of the solid iron-carbon alloys, was made by the 
author^ in the year 1898. Since that time the question has 
been further developed by Eoberts-Austen,* on the basis of 
V. Eothmund'e * observations that the modiflcations of mole- 
cular condition of a substance in solid solution exactly re- 
semble the modification of the conditions of aggi'egation in I 
the case of liquid solutious. In soiid, chemically pure iron I 
two such modifications occui' — for example, at Aj and Aj. 
The latent heat of transformation at these points, correspond- 
ing exactly to the latent beat of fusion of liqiud solutions, ; 
has been deduced by Roberts-Austen from the cooling curves I 
for electrolytically precipitated iron. The increase of tem- 
perature at the critical points was measured, and this — after I 
introducing a correction for the probable loss of beat — was 
multiplied by the speeifle heat of iron. He found the foUoi 
ing values for the latent heat of transformation :- — ■ 
At At., . . . . (1) = 2'86 cal. 



(The latter figure may possibly be rather inaccurate.) 

From the fii'st of these values the molecular dej 

of the ti-ansfonuation point is calculated, in just the samej | 

manner as the molecular depression of the fusing point, I 

T.- (900-1-273)^ 
£3 = 0-0198 --^ -"-"'"o -^^ 

' These two solutiooa tn 
coDsequeutij the uuniber 1 
in austenite and moiitensit' 
contained an equal numbe 
the carbide FcjC in solatian. 



= 0-0198 ■ 



2-86 



-9525-6. 



' Loe. ri 

* ZtU*. far jihiis. Ch'.Mi. 



(posaesB tliG saiae osmottu pressure), .1 
f atoma per molecule of dissolved carbon or eorbida T 
mustbeaa2;3. If, therefore, auatenite at 1130° C. ' 
■ of molccalBs C and C,, martensite Mould 

1. Iron and Skd hist.'. 1899, rol 
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Now the line G is straight, i,e, the molecular dimen- 
sions of the dissolved carbide sufTer no alteration between 
the points G and ; it is therefore sufl&cient to take the 
point as the basis of calculation. To this point, however, 
correspond a carbon content of 0*34 per cent, (or 5*10 per 
cent, of carbide) and a temperature of 765° C. We thus 
have m=5'37 depression of transformation point =895- 
765 = 130° C, and therefore the molecular weight of the 
dissolved carbide — 

M = 5?. m = ^^^. 5-37 = 393-48. 
t 130 

Since the molecular weight of the carbide FcgC is 180, 

and corresponds to 3 atoms, the carbide molecule calculated 

above must correspond to the formula 2*18 CFog, i^e. the 

same must contain in round numbers 6 J atoms.^ In other 

words, steel with not more than 0*34 per cent, of carbon, 

chiefly contains, at Arg, the carbide CgFcg, which coincides 

very well with the results of the earlier observations. 

If, on the other hand, we employ the equation of Heycock 

and Neville — which is also applicable to more concentrated 

solutions — we have — 

T=900 + 273 = 1173' 

C = 0-23 per cent. 

CFe3= 3 '4 5 per cent. 

7/1 = 3-75 

w=2'SQ cal. 

^^ 0-0198 7/iT T-J5 ^^^, 117S-t 
M= =8-121m 



and 



2-86 t t 

= 30-454 (11-73 - 1) = 326-771 



4M ^ ^^ 
n= = 7-26 

180 

1293-48: 180 = 2-18. 



BO that the fumiula 182 CFe^ wiiuld oorrespoud to the I 
carbide. I 

Commencing with a carbon content of 0'34 per c^it, I 
the points Arg and Atj coincide, i.e. the two molecular modi- ^ 
ficatious of condition sustained by the chemically purer iron 
separately iit Ar^ and Ar, occnr simultaueoiialy. This is 
usually expressed by indicating the corresponding critical 
point by Argij. The theory with regard to the relation be- | 
tween the depression of this point, Ar^.g, and the molecular I 
weight of the dissolved iron carbide, is not so simple as I 
formerly. I'oberts-Auaten based his calcalations on the I 
assumption that the osmotic pressure necessary to produce, I 
the oliseived depression of the transformation temperature iaj 
equal to the aimi of the pi-essures which would be required I 
to depress each of the points Ar^ and Atj to a coiresponding I 
extent. In this way he arrives at the result that the mole- 1 
oulea of the dissolved carbide at the portion S of the curve 1 
correspond to the formula 27 CFcg, i.e. that at this point 1 
we are probably in presence of a mixture of about 2 mole- I 
cules of C^Fca and 3 molecules of CjFei, (or perhajjs of 2. I 
molecules of C^Fe^ with 1 molecule of C^Fcij), a result which 1 
equally agrees with our earlier obaervations. I 

Here, also, it is advisable to examine, with the help of J 
Fig. 82, the phenomeua arising in the cooHug of solid iron-S 
carbon alloys. I 

Whilst, as we have already seen, the liquid euteetic curveV 
extends from right Ui left as far as the vicinity of ths'J 
per cent, austenite curve, the curve of ileitosition of pure I 
cementite, on the other hand, exhibits the retiuirkable phe-J 
nomenon that, so far as it has been actually observed, itfl 
terminates at only a short distance himi the jwiiit at which'l 
50 per cent, of austenite and 50 per cent, of martcueite 1 
were shown by Osmond. Does it not therefore seem aai 
though a further deposition of carbiile would rjo longer j 
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furnish a point of recalescence because the conversion of 
austenite into martensite is efTected slowly, and that for 
this reason the deposition of the excess of carbide also can 
only proceed at a very slow rate ? The process would have 
to be imagined as going on in the following manner: — 
Austenite at IISO"* C. contains about 1*27 per cent, of 
carbon, whilst martensite contains only 0*8 6 per cent.; 
when, therefore, in the course of further cooling, a portion 
of the austenite is converted into martensite, the solvent 
power of the martensite, it is true, increases slightly up to 
930° C. ; however, the carbon now entering the same (natur- 
ally in the form of carbide) exceeds this, and therefore a 
portion of the carbon is bound to be deposited (possibly 
under polymerisation). 

That all the alterations of condition as regards solution, 
etc., sustained by the iron in cooling are liable to modifica- 
tion, as the result of internal tensions set up in the metal 
when the cooling is accelerated, is a matter of course. 

The most recent researches of H. W. Bakhuis Boozeboom 
on the solidification and conversion points of mixed crystals^ 
throw fresh light on the changes of condition occurring in 
the cooling of steel, and largely support the author's views 
on the nature of austenite and the course of the austenite 
curves. Since (according to a private communication) another 
research of Koozeboom's on these conditions will shortly 
appear, the matter will be reverted to in a later section of 
the present work. 

^ ZcUs. filr pht/s. ClicmiCy 1899, pp. 385 and 413. 
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Next to carbon, the moRt important constituent of the iron I 
alloys is imdoubtedly the iron itself. 

On allowing chemically piire iron to slowly cool down J 
from a temperature above the fusing point, three points of' 
i-ecalescence occur, namely, at about 1600° C, at 895° C, and 
765° C. The first of these correaponds to the solidification 
point, the other two to the critical points Arg and Ar^. 
From this it inevitably follows ' that the pure iron must 
undergo changes of condition at 895° and 765° C, which 
can hardly be otherwise than allotropic. Osmond, who was 
the first to express this view, and defended it with great 
ability and zeal against a number of opponenun, employs Greek 
letters to indicate the allotropic forms, aa follows : — 

a-iron is the raodifictition appearing after slow cooling ,1 
below Atj. 

(9-iron, the form existing, under aiioilar circumstances, 
between Ar^ and Ar^. 

7-iron, the allotiopic modification appearing above Atj. 

The properties of these three forms are given by Osmond \ 
as follows : — 

7-iron, non-magnetic, dissolves both elementary carbon 
and iron carbide. 

jS-iron, non-magnetic, dissolves neither carbon nor cementite. 

a-iron, magnetic, does not diaeolve cementite. 
' Osmond and Werth, "Thfcrie wllnlaire." 
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Kolietts-AuBten ^ deacribea the phenoiueDa occurring dur- 
ing the cooling of liquid electrolytic iron, or the very pure 
7-condition of this metal, in the following terms : — " Aa the 
liquid mass cools, it solidifies at a temperature of abont 
1600° C, though the actual point has not yet been determined. 
When the irou has solidified it exists in a plastic condition, 
to which Osmond has given the name 7-iron, and in which 
it is capable of dissolving variable proportions of carlion 
{0-8-0'9 per cent, at 700° C, 1-5 per cent, at 1000° C.)." 

One of the foundations on which the theory of the allo- 
ttopic condition of iron is based, is the assumption that the 
phenomena of hardening are due to the existence of certain 
conditions of the metal wldch, while stable at high tempera- 
tures, and convertible, when cooled slowly, into other condi- 
tions, stable at lower temperatures, are maintained when the 
cooling is effected (as iu hardening) rapidly to below the znm 
of temperature at which the aforesaid conversion takes place. 
Specially characteristic differences between the hardened 
and unhardoned metal are exhibited in the mechanical pro- 
perties, and it was therefore of great interest to Eiscertain the 
behaviour, in this particular, of iron very poor in carbon. 
Originally it was assumed by Howe that the tensile strength 
of nearly pure iron could be trebled by sudden cooling ; but E. 
A. Hadfleld and J. O. Arnold showed that the tensile strength 
of a sample rod of J aq. in. section was only increased by 
25 per cent, (from 21—26 tons per square inch). Howe* 
afterwards experimented with seven samples of iron (contain- 
ing 0"02 per cent, of carbon and 0"1 per cent, of Cu) of a 
mean sectional area of 0-034 sq. iu., which had been quenched 
at 900° C. in saturated brine ( — 6° C). The increase of tensile 
strength exhibited in this case was only 27 per cent, (from 
22 to 28 tons per square inch). One sample which gave 

' Fifth B'.pm't tollie Alloyi Reieitrcli CmitmiUee qf Ihe Jntt. of Met^l. Eng,, 1899. 1 
' Eng. Miiu/. Joura., Iiii. p. 557 ; Ixiii. p. 111. 
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higher results was regarded by the experimenter himself 
as unreliable. 

In order to strengthen Howe's conclusiona, J, 0. Arnold^ 
took a sample of Swedish iron of the following composition :- 

I 



which he first heated to 900° C, then cooled slowly 1 
different temperatures, and quenched suddenly. The teusde 
strain tests gave the following results : — 



Carbon 








0-07 per c 


Silicon . 

Manganese 

Arsenic 








002 „ 
0-02 „ 
0-04 


Phosphorus 








0-02 „ 


Sulphur 








0-02 


Copper . 








O'Ol 


Aluminium 








0-02 „ 



Ho. ot 

Saiiplo. 


Tsm^eraturD, 


Tompersq, b.' 


=KS- 


Hectionsl sreii (con- 
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St«iidanl. 


15 


21 '42 


44-0 


80-0 


3 
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21 


69 


43 





76-a 


6 


525 


22 


46 


41 





78-8 




6O0 


23 


03 


34 





76'2 


2 


650 


as 


5S 


31 


6 


78-8 


5 


705 


26 


24 


27 


5 


73-8 


11 


780 


29 


7S 


29 


S 


70-8 


4 


820 


29 


46 


27 


5 


76-4 




887 


32 


B3 


21 


5 


75-9 


1 


928 


31-33 


30 '0 


76-3 



These figures, together with the recalescence curve deter- 
mined by the Osmond method, are repreBented graphically in 
Fig. 83, Plate X. 

From this, Arnold concludes that quenching below red 
heat has hut httle effect on the mechanical properties of the 
metal, but that at incipient red heat, above 500° C, a decided 
critical point occurs, from whence onwards the curve turns 
sharply upwards ; furthermore, that the critical points Arg 

^ Eii'j., 9tli July 1897. 
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and Aij are, ^>^r se, without iufiueuce on the mechanical p- 
perties, inasmuch as between 500"" and 900'' the increfittii^ 
the tensile stren^tli is proportionate to the quenching tempeii- 
ture. Tlie deviations of the measured tensile strength fiom 
the sliarj)ly defined curve, which are regarded by Arnold as 
experimental errors, amount to — 

Sample Xo. 1= -0-167 t. 
„ 9= +0-067,, 
„ 4= -0-033,, 
,,11= +0-100,, 
„ 5= -0-050,, 
„ 2= +0-050,, 
„ 8= -0-060,, 
„ 6= +0-060,, 

It is worthy of note that the contraction is practically 
constant (meiin, 76 per cent.) for all quenched samples, 
whereas for normal metal it amounts to 80 per cent. 

These conclusions were rightly attacked by Howe, Osmond, 
and Sauveur. The latter^ plotted Arnold's tensile test 
results graphically (Fig. 84, Plate X.), and, as a result of 
further experience, marked the position of the critical zone 
Ari between 630° and 645°. He concluded that no note- 
worthy increase of tensile strength occurs up to 400° C. 
From 400° to 600° a very gradual and slight increase occurs, 
which coincides witli Howe's observation ^ that the conversion 
of liardening carbon into cementite carbon continues below 
Ar^. At 600°, slightly below Ar^, the tensile strength is 
23*02 tons; at 650° — ^just above Ar^ — it increases to 25*56 
tons, i.e. 21 tons for 50°. When the quenching is efifected 
between Ar^ and the next critical point, the increase in 
tensile strength for an accession of 55° is only 0*68 ton. 
The next test (juenched above Arg gave a sudden increase in 
tensile strength equal to 3i tons. Between Ajg and Ar, 

^ IS7ig, Min4j. Joum.f Ixiv. p. 489. 

- Journ, Iron and Steel Imt.^ 1895, ii. p. 258, 






ptoet, p,jj 



/fi^Wj^L, 




: 




5 




'300 U^ 


--^ 


' 


1',-s- 


L^ 


' iin}^. 


-C-5> 


4f.l"'wrv" 


\^'\l 


1^»^ 


cl^ 


".\"'k 


^^2 


^'■-^ 


^^3 


-•-2 


c'^^S 


<w> 


J*' 1 


fe : 


tW 




there is no iuereaae (on the contrary, a slight decrease), I 
whereas at Arj the increase is over 3 tons. Further heating i 
results in a decrease of tensile strength. If the samples had 
approximated more closely, the curve of tensile strength 
would presumably have assumed the form indicated by the , 
dotted line. Consequently, according to Sauveur, the in- 
ereaaea in tensile strength actually coincide with the critical 
points. I 

The question of the aliotropie forms of iron has been 
dealt with in a very thorough and lucid manner by H. Le 
Chatelier.^ He first shows that the more slowly the iron is 
heated the lower the temperature at which conversion occurs, 
and that the converse change ensues at temperatures which \ 
are the higher in proijortion as the cooling is retarded ; so J 
that, given infinitely slow heating or cooling, the two trans- J 
formation jioints might coincide. '- I 

These facts are in complete harmony with those accom- ' 
panying all changes in the condition of bodies, especially 
allotropie conversions, and which we will now proceed to trace 
in the case ot sulphur. This element occurs in two allotrojMc 
modifications, differing in their properties, crystalline habit, i 
density, specific heat, heat of combustion, etc According to 
their crystalline habit they are known as octahedral and j 
prismatic sulphur respectively. The former is stable in the 1 
cold up to temperatures below 95°-6, the other form being ] 
stable at higher temperatures. On heating octahedral sidphur 
above 95° H per cent, it is converted, with absorption of heat, 
into the prismatic form. The conversion, however, does not 
proceed aU at once, but increases in degree the higher the 
temperatm-e rises, so that the conversion temperatme is the 1 
higher in proportion as the heat is more rapidly applied. 
Conversely, the prismatic variety is changed into the octa- 
hedral form on being cooled below 95°'6 C. The rapidity of 

' Itf'. Oin. del Scioiecs, 15tli Jan. 1807 ; 27n: Mdalloijraji/Ual, i. p. 5'.!. . 
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conversiou increasea at first as the temperature falls, and 
attains a maxinmra at about 60°, but sinks rapidly on fartbet 
cooliug, BO that at the ordinary atmospheric temperature it 
is very small, and becomes 7iil at — 30° C. On cooling 
prismatic sulphur quickly to — 30°C., it suffers no appreciable 
alteratiou, aud remains unchanged for any length of time. 

In the two varieties of lead oxide — litiiarge and masaioot 
— the rate of conversion is still more gradual than with 
sulphur ; and massicot, which, under normal conditions, is 
stable at high temperatures, also remains unchanged at tbs 
ordinary temperature. It is, in fact, a general rule, goveming 
all chemical processes, that the rate of conversion is tl» 
quicker — 

1. The higher its absolute temperature ; 

2. The greater the interval between the actual tempera- 
ture and the temperature of equilibrium. 

Above the temperatiu-e of conversiou, Loth conditions 
vary in the same direction, aud the rapidity increases to an 
illimitable degree ; below the transformation point, on the 
other hand, they vary in opposite directions, and thus pro- 
duce a maximum in the rate of conversiou. 

As we sliall see later on, these laws also apply to the 
hardening process and the conversion of the allotropic modi- 
fications of iron. 

Witli regard to the latter, the two most important conveiv 
sion points were discovered by Osmond, and a third by Hall and 
CuiTie. These allotropic converaions are characterised by an 
absoiption of heat during the heating process (Osmond), and by 
alterations in electrical conductivity (H. Le Chatelier), in mag- 
netic properties (Currie), and in volume. They occur at 740°i 
850°, and 1280° C. The first conversion coincides with an 
almost complete disappearance of the magnetic properties of 
the iron, and is accompanied by a slight absorption of heat- 
The position of the conversion point is only shghtly in- 



^Pnenced by the method of cooling or heating, bo that in 
Doth cases it occurs at about the same temperature.^ The 
second conversion is characterised by the sudden change in 
the law according to which the electrical resistance of bodies 
varies with the temperature.^ This conversion is influenced , 
to a considerable extent by the mode of heating or cooling 
employed. 

The conversions in question do not occur at the tem- 
peratures specified, except when the microscope reveals the 
presence of free ferrite ; consequently they must be in some 
way connected with this constituent. 

On the other hand, however, the labours of H. Le Chatelier 
on electrical resistance have shown the existence of a modi- 
ticatiou of condition in the case of steel so rich in carbon as 
to contain only martenaite, and no ferrite ; only in this case 
the conversion temperature lies at or near 800° C, instead 
of 850°, Unless these observations are erroneous, we must 
assume that an allotropic conversion also occurs in iron con- 
taining maitensite, though at a lower temperature than with 
pure iron. This entirely harmonises with all similai' known 
facts. Thus, for example, that change of condition in water 
which is evidenced by the occurrence of maximum density, 
also occui's in aqueous solutions, but at a different tempera- 
ture. That this change of condition in martensite should 
have escaped Osmond's notice in the recalescence observations 
may be due to the slowness with which it is brought about. 

With regard to the importance ot the conversion point 
at 1280" C. (Hall and Cunie), Le Chatelier is silent. 

Perhaps it corresponds to the deposition o£ ferrite from 
martensite, which (see Chapter VI.) seems to occur even 
above Ar^ in the case of iron poor in carbon. 

' It Dorreepoads to the pnint Afj. 

^ This increases about tenfold between ordiuarj temperature and Afj, bu 
remains almost coniitalit above the latter temperature. 
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According to Howe,^ an allotropic modification — ^which 
he terms S-iron — also results from cold working the metal 
However, the observations made on this point are not yet 
sufficiently numerous to enable the question to be definitely 
settled. 

Howe bases the assumption of this S-iron on the influence 
of cold working, i.e, on distorsion, and also on the circum- 
stance that, even in very mild grades of steel with a very 
low carbon content, a certain hardening is produced on 
quenching the metal. 

He also mentions that cold-worked metal does not exhibit 
any flow on breaking, and that flow ceases to appear at a 
temperature of about 500° C. Nevertheless, the eflects of 
distorsion — particularly a raising of the limits of elasticity 
and expansion — are still apparent up to 632"* C. in some 
cases. 

With regard to this latter point it may be mentioned 
that, at the temperature in question, carbide carbon is already 
converted into hardening carbon, and that consequently the 
phenomenon in question could also be attributed thereto. 

Eeference has already been made in Book II. to the 
micrographical differences which Saniter believed to have 
foimd between the various forms of iron. 

^ The Hardening of Steel. 



CHAPTER Vril 



TOE CONSTITUENTS OP IRON ALLOYS : MANGANESB. , 



Whether manganese gives solutions isomorphous with iron 
B not been definitely aacertained, but at anjrate one would 
Ipt be far wrong in provisionally assuming this to be tbe 
!, and, for instance, calculating tbe fusing point of pure 
ron-manganese alloys, according to the law of mixtures, from ' 
ig point of iron (1600° C.) and that of manganese 
is 00° O- 

For ns, the behaviour of manganese towards carbon is 
I special interest. The first remarkable thing is the great 
felvent power of this metal in comparison with iron. Whereas 
a saturation limit of iron for carbon at the fusing point is 
mat 4'6, or according to Saniter 4-8, over 7 per cent, of 
irbon may be contained in 80 per cent, ferromanganese, as 
fce following analysis shows: — 

Cathon .... 7"079 per cent. 
Silicon 
Manganese 
Phosphorus 
Sulphur 
Iron (diJfer. 

This high solvent power is also expressed in the circum- 
stance that manganese opposes tbe deposition of graphite, as 
well as in the depression it produces on the critical points. 
Thus, for example, in presence of 1 2 per cent, of manganese 
the conversion temperature for marteusite into pearlite is 
below 0° 0, 



0-14:2 
81-15i 
0-412 
0-001 
11-212 
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If now we inquire after the forms in which the carbon 
appears in manganese, the absence of elementary carbon might 
be concluded from the circumstance that no deposition of 
^rapliite occurs in grades of iron that are rich in manganese. 
On the other hand, however, manganese steel, according to 
Osmond, exhibits a microstructure revealing, in addition to 
ferrite or cementite (according to the carbon content), the 
presence of a substance more closely resembling austenite 
than martensite in its properties. 

In the chemistry of the subject, mention must first be 
made of the researches of J. S. Benneville.^ This worker 
found that ferromanganese is slightly decomposed by cold 
water, and readily so, with evolution of hydrocarbons, by 
boiling water. On solution in hot mineral acids there re- 
mains a black residue entirely free from manganesa Cold 
hydrochloric acid (sp. gr. 1*17) furnishes a considerable 
amoimt of a metallic residue, which, after extraction with 
carbon disulphide and ether, exhibits, under a power of 50 
diameters, more or less decided crystalline groups and 
granular masses with a brilliant metallic lustre. A similar 
metallic residue is also left on treating the ferromanganese 
with strong bromine water. Such crystals are also found 
in the residue obtained by boiling the alloy in ammonium 
citrate. 

De Benneville employed for his researches two kinds of 
ferromanganese, which he marked A and B. These had the 
following composition : — 



A, per cent. B, per cent. 



Carbon . 
Silicon 
Phosphorus 
Manganese 
Iron . 



... 


6-18 


0-54 


0-47 


0-28 


0-23 


78-66 


76-44 


15-05 


16-84 



^ Joum, Iron mid Steel Inst.y 1896, vol. i. p. 222. 
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On treating with hydrochloric acid (sp. gr. 1*17) 
in large excess, there remained crystals which, after washing 
vrith alcohol, carbon disulphide, and ether, re-washing 
vrith alcohol, and drying at 125° C, had the following 
composition : — 





A, per cent. 


B, per cent. 


Iron . 


8-40 


9-16 


Manganese 


. 51-00 


61-38 


Silicon 


2-94 


MO 


Carbon 


. 37-56 


27-80 


Phosphorus 


0-10 


0-56 


^ r ■ • .1 


• J • 1 • 1 


• J 1 < 



On calculating the atomic ratio and picturing the iron 
combined as FcgC, the phosphorus as PgMng, we then 
have — 



f 0-15 atom Fe 


0-15 Fe 


• « « 


• • • 


0-93 „ Mn 


• ■ • 


0-045 Mn 


0-885 Mn 


Sple. A-^ 0-105 „ Si 


• • • 


• • • 


0-105 Si 


3-13 „ C 


0-05 C 


• • • 


3-08 C 


I 0-003 „ P 


• • • 


0-003 P 


• • • 


f 0-16 atom Fe 


0-16 Fe 


■ • • 


• • • 




1-11 „ Mn 


• • « 


0-06 Mn 


1-05 Mn 


Sple. B J 


0-04 „ Si 


• • • 


• • • 


0-04 Si 




2-32 ., C 


0-05 C 


• • • ' 


2-27 C 


I 0-02 „ P 


• ■ • 


0-02 P 


> • • 



As can be seen, the carbon and manganese present in 
the crystals are not in any atomic ratio, and also not in any 
approximately similar proportion to that in iron carbide. 

By similarly treating a series of samples (20 grms. each) 
of ferromanganese B with 100 c.c. of hydrochloric acid 
(sp. gr. 1*19) and variable quantities of water in the cold, 
he obtained the subjoined results ; — 
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Total voliinio of liquid 
acid solvent in c.c. 

Acid, per cent. 

Weiglit of residue from 
20 grnis. 

Residue, per cent. 

Iron, 

Manganese, 



Silica,^ 

Phosphorus, 

Carbon, 



100 

38-73 

0-87 

4-35 

7-85 

41-56 

18-15 

1-93 

30-40 



150 

29-05 
0-84 

4-20 

6-77 

25-78 

20-47 

2-84 

24-24 



3 


4 

300 


5 


6 

1 


200 


400 


500 


19-37 


12-58 


9-68 


7-75 


2-75^ 


3-33 


3-41^ 


2-26 


13-75 


10-60 


17-00 


11-30 


11-28 


13-49 


11-68 


17-61 


49-10 


57-49 


59-62 


62-29 


4-96 


3-42 


1-16 


3-66 


1-09 


1-24 


0-71 


1-31 


17-72 


17-82 


11-54 


4-78 



On calculating the atomic ratios of iron, manganese, 
phosphorus, and carbon, we have — 





1 
0-14 


2 


3 


4 


5 


6 


Iron .... 


0-12 


0-20 


0-24 


0-21 


0-31 


Manganese 


0-76 


0-47 


0-89 


1-04 


1-08 


1-13 


Phosphorus 


0-06 


0-09 


0-03 


0-04 


0-02 


0-04 1 


Carbon .... 


2-53 


2-02 


1-48 


1-60 


0-96 


0-40 



and after deducting FcgC and MngPj 





1 1 2 


3 


4 


5 

1-07 
0-89 


6 


Mn 0-72 

1 

C 2-48 


0-41 
1-98 


0-87 
1-41 


1-03 
1-42 


1-10 
0-30 



In the first five cases we therefore have far less, and only 
in the sixth a little more, manganese than would correspond 
with the formula MugC. 

^ 1. Amorplious, cellular, granular masses of silica. Colour white, with faint 
sgrey tinge. 2. Amorphous cellular granules. White silica resembling pumice, 
with mixed bronze-coloured metallic granules, 3. Amorphous cellular masses. 
Metallic, with steel-blue or bronze lustre. No siliceous skeleton present. 
4. Amorphous cellular masses. Bronze-coloured and white metaUic lustre. 
Silica, but only in small (j[uantities. 5. Granular metallic masses with steel-blue 
or bronze-coloured lustre. No silica present. 6. Like 6 ; silica present. 

2 Partly or entirely present as silicon, as in 4, 5, and 6. 
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The researclies show that the residue after aolutioa is 
not a homogeneoua body, the granular pnrtion being a com- 
plex substance. It is also evident that a considerable por- , 
tion of the silicon present in the alloys is in the form of 
silieide. Nearly the whole of the manganese wa5 dissolved, 
A portion of the carlmn was liberated in the form of hydro- 
carbons. 

Very different results were furnished by treating ferro- 
manganese with strong a(![ueouB solutions of bromine and ] 
iodine. Silicon and phosphorus are present in small quantities. 
Unfortunately, no estimation could be made of the carbon in | 
the residue. 

Since the amount of iron is insufficient to combine with 
the whole of the phosphorus to fono PFcg, it is probable that 
manganese phosphide is also present. 

The examination of the residue gave — 





Bra 


ni„.. 


Iodine. 


F.m«,. 


ngH«e«. 




Seven dBys-cold 
dignCion wiHh eiqesg 

iS".OT~. 


" 


B 


A B 


PercentBge in— 




Resl. 


rerm- 


Resi- 


Ferro. 


Resi- 


PEtrn- 


Resi- 


Fe™.' 




due. 


gaiiese. 


due. 


Sanese. 


due. 


raneM. 


due. 


ginaw. 


Iron . 


0-18 


3-ld 


0-59 


3-50 


0'49 


3'19 


0'50 


2-90 


Migm™ . . 


OH 


0-64 


0-SO 


0-77 










Silicou . 


o-m 


74 ■! 


0-19 


40'1 


017 


31-5 


0-17 


38-2 




0'12 


18-0 


0-12 


48-0 


0-08 


"■' 


0'08 


34 '8 



Whereas, according to the analysis, the residues from the 
treatment of ferromanganese with hydrochloric acid could 
not contain auy carbon compounds with hydrogen or hydrogen 
and o.Kygeu, the presence of such is quite possible in the 
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residues from the above bromine or iodine treatment, the 
more so because we have found similar decomposition products 
in the case of iron carbide. 

De Benneville's researches also extended to the gases 
evolved in dissolving ferromanganese. Dilute sulphuric acid 
(sp. gr. 1'17) was selected as the solvent on account of its 
non-volatility ; solution was effected in the cold. No notice 
was taken of the relation between the weight of metal dis- 
solved and the volume of gas liberated. As these experi- 
ments gave no weighty results, it is sufficient to merely 
mention them here. 

T. W. Hogg ^ treated ferromanganese with a large excess 
of dilute nitric acid (sp. gr. 1*2) in the cold, and obtained a 
residue which, after filtering and drying over concentrated 
sulphuric acid, had the following composition: — 



Carbon .... 


40 '36 per cent 


Water .... 


35-73 „ 


Nitrogen 


. 9-50 „ 


Mineral matters 


7-80 „ 


Oxygen (difference) 


. 6-61 „ 



The water furnished by combustion was not calculated 
to hydrogen. This analysis furnishes, on calculation, the 
atomic ratio — 

Carbon .... 3*365 or 6*02 

Hydrogen .... 3*970 „ 7*13 

Oxygen .... 2*398 „ 4*30 

Nitrogen .... 0*557 „ I'OO 

It was found that this substance undergoes decomposition 
even at the ordinary temperature. To obtain further in- 
formation on this point, a current of dry air was passed over 
the substance at different temperatures for half an hour each 
time, which treatment gave — 

* Journ. Iron and Steel InsL^ 1896, vol. ii. p. 179. 
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m 






Temperature C. 








80- 


r^Z.^. 


ISO- 


lar 
per nnt 




LofisinweiKlit. 




3-1 


16-35 


2276 


3875 










10-85 
S-25 


14 'SS 
8-BO 


IB 7 
187 




KHO 




1-2 










8-3 


"■= 


33 ■« 


88-* 










Excess of anionnt absorbed over loss in 
weight 


0-20 


0'55 


0-70 





The experiment was abandoned at 160° C. on account 
of the sudden decompoaition of the aubatance. The auhatance, 
dried over aulphuric acid, was next heated to 150° C, 
whereupon it gave — 

Loss in weight 2537 ])er cent. 

Absorbed by CaCI^ .... 12-85 
KHO .... U-85 

27-70 „ 
Excess of amount absorbed over los.s in 

weight 2'33 „ 

The caustic potash, after the absorption, contained small 
quantities of cyanogen, and only a Uttle COg, the hulk of 
the absorbed matter being oxides of nitrogen. 

It will be evident that the existing results are insufficient 
to enable any extensive conclusions to he drawn as to the 
relations between manganese and carbon in iron alloys. 
From the foreg(]ing it appears certain that a manganese 
carbide exists in ferromanganese ; but whetlier elementary 
carbon is also present, or whether — -as in the case of iron — 
there are several carbides — perhaps polymeric — still remains 
undetermined. Nevertheless, the assumption that not un- 
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Important amounts of elementary carbon may occm* in 
solution, at least in alloys not too rich in manganese, is 
favoured l)y the api)earauce — as already mentioned — of a 
structural constituent very similar to austenite in all its 
properties.^ 

Manganese ciirbide (MujC) was obtained by Troost and 
Hautefeuille on fusing manganese in a crucible lined with 
charcoal. Analysis gave 6*70 per cent, of carbon.^ H. 
Moissan ^ obtained it in the electric furnace ; it has the 
sp. gr. 6*89, and decomposes water at the ordinary tempera- 
ture in accordance with the equation — 

MuaC + 6H2O = 3Mn (0H)2 + CH^ + Hg. 

It is therefore probable that the molecule contains only a 
single carbon atom. The decomposition could be explained 
by the following equation : — 



H 



/ 







/ 



H 



H-O-H 



Mn 



Mn = c/ , 
H-O-H Mn 



0<H 



0-H 



H-0 HH 



0< 



H 
H 



> = < 



H 



H 



\/Mn-0-H 
Mn C I 

I /\Mn-0-Hjj 
H-0 HH I 

— H 



According to private communications by Osmond, no 
double carbide of iron and manganese exists ; the two carbides 
are said to be able to replace one another in the mixed 
carbide (Fc,Mn)3C. Only FcjC is dissociated at high tem- 
peratures, not MuaC ; tlie latter therefore imparts stability to 
the mixed carl)i(les. 



^ Moreover, it is by no means impossible that the solutions of the mono- 
carl)i(les (CFeajCuMiia) beliave in tlie same manner as the solutions of elementary 
car})on in iron or manganese, i.e. furnish austenite, whereas only the solutions 
of the polycarl)i(les (CnFog,,) yield martensite. 

^ Compt. rend., stance dn 12tli April 1875. 

'^ Ihid., vol. cxxii. p. 421, 24th February 1896. 
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The following reports by Osmond furnish information as 
to the influence of manganese on the position of the critical 
points : — 



Composition 


u 


Arjj.T 


Arj. 


c, 

per cent. 
0-29 


Si, 
per cent. 

0*06 


Mn, 
per cent. 


Limit. 


Maximum. 


Limit. 


Limit. 
680° 


Maximum. 


Limit. 
640° 


0-27 


780° 


720-715° 


690° 


660° 


0-32 


0-05 


0-50 


740° 


705-697° 


660° 


660° 


640° 


620° 


0-42 


0-035 


1-00 


725° 


665°? 


Coincident. 


625° 


600° 


0-46 


0-07 


1-08 


725°? 


658°? 


)) 


620° 


596° 


• • • 


• • • 


20-00 




No cri1 


tical T)oint noticeable. 




• • • 


• • » 


50-00 




>j 


)} 




• ■ • 


• ■ • 


80-00 




>> 


>> 





CHAPTER IX 

REMAINING CONSTITUENTS OF IRON ALLOYS 

A. Silicon 

Whereas it was formerly believed that iron could contain 
graphitic silicon, Turner ^ subsequently proved that this is not 
the case. 

The presence of iron silicide in commercial iron has been 
demonstrated by Morton.^ 

According to Drown,^ the progress of the reaction occur- 
ring between acids and silicon when iron alloys are dissolved 
therein, depends on the concentration of the acids. Strong 
acids deposit much insoluble silica, whilst dilute acids retain 
a considerable quantity in solution. Silicon is also often 
foimd, otherwise than as silica, in solution residues. A dis- 
tinction must therefore be drawn between such as is un- 
attacked and such as is oxidised during the dissolving of the 
metal. 

In dissolving ferrosilicon (poor in manganese) in dilute 
sulphuric acid, Carnot and Goutal * obtained a residue con- 
sisting chiefly of carbon, various silicides and hydrated silica. 
The latter they hold to be a decomposition product of certain 
silicides. Boiling with dilute caustic potash dissolved the 

^ Jordan and Turner, Journ. CJicm. Soc. Trans., xlix. p. 215 ; Turner, J<mm. 
Irmi and Steel Inst.y 1888, i. p. 28. 

^ Jaum. Iron and Steel Inst., 1874, i. p. 102. 

^ Do Bennoville, Journ. Iron and Steel Inst., 1896, i. p. 238. 

* Oesterr. Zeits.f. Berg- u. Huttenniescn, 1898, p. 592. 
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ailica and the silicide FeSi ; the resulting ferric hydroxide, 1 
was eliminated hy treatment with dilute sulphuric acid, the | 
residue being collected on a filter, washed, dried, lightly ' 
calcined, and extracted with a magnet. The magnetic por- 
tion had the composition — 

Silicon . . 1975 jier cent. 19-86 per cent. 

Iron . . 79'63 „ "9-84 



Total . 99-38 99-70 

or, in atomic proportions — 

Silicon 0-7054 0-7093 

Iron 1-4220 1-4257 

It therefore agreed with the formula FcgSL 

A similar examination of products rich in silicon and ' 
mangaueee gave the following results; — 





P..ent.«.. 


Iron . 


68-25 
15-10 
15-10 


lis -60 
14-70 
16-80 


68-SO 
16-30 
14-10 


69-lfi 
16-80 
14-04 


71-22 
14-58 
H-00 


B8-7B 


S9-10 


69-20 


90-99 


90-80 


or, in atomic p 


oportiouB 


— 








Iron . 
Manganese 


i-2iaa 

0-2T4fl 


1-2250 
0-2673 


1-2285 
0-2984 


1-2348 
0-305B 


1-2717 
0-2051 


SiliM,, . 


1 -4934 
O-550O 


1 -4923 
0-5fi45 


1-6249 
0-0085 


1-5403 
0-5014 


1-6398 
0-5000 



which well agrees with the formula (Fe,Mn)jSi. 

Finally, under similar treatment, ferromanganese gave a 
magnetic residue of the composition Fe^Si. 

From this, Carnot and Goutal conclude that iron may 
contain the silicides FeSi and FCaSi ; in iron alloys rich in 
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manganese, however, (Fe,Mn)3Si may also occur. This latter 
contains considerable quantities of manganese. 

H. Moissan prepared the silicides FeSi and FcgSi by arti- 
ficial means. The latter appears as short prismatic crystalB, 
of sp. gr. 4*851, and is formed even below the fusing point of 
pure iron. According to G. de Chalmont,^ it is non-magnetic, 
and is barely attacked by aqua regia. By heating iron filings 
with sand and charcoal, this worker obtained crystals of the 
formula FcjSig ; white, hard, brittle, only faintly magnetic, 
good conductors of electricity, of sp. gr. 6 '3 6, and but sUghtly 
attacked by cold aqua regia (IHNO3 : 3HC1), which principally 
dissolved the iron. They are quickly decomposed by HCL 
Colson^ prepared the compound FcgSigC (presumably 3Fe2(Si,C), 
i.e. an iron siUcide in which Si is partly replaced by C). 

The author ^ made an attempt to determine the molecular 
dimensions of the u*on silicide occurring in iron alloya 

B. Phosphorus 

As is well known, a given percentage of phosphorus pro- 
duces different effects in different kinds of iron. Leaving out 
of consideration pig iron — for which, in view of its method of 
use, cold shortness is a matter of minor importance — steel 
and all kinds of ingot iron are very susceptible in this connec- 
tion. Hard, and especially soft, kinds of refinery iron are less 
susceptible, and soft puddled iron least of all. Thus, whereas 
for example, according to P. von Tunner,* the analysis of the 
best hard grades of steel reveals only O'Ol to 0*02 per cent 
of phosphorus, and a much inferior grade is characterised br 
0*03 to 0*06 per cent., good refinery iron may contain 0*2 to 
03 per cent., and puddled iron may contain occasionally as much 

^ Jouni. Amer. Chcm. Soc. , xvii. p. 923, 924. 

- Gmrvpt. rend. J xciv. p. 1316. 

^ Joum. Iron aird Steel Inst., 1899, i. p. 204. 

* Oesterr, Zeits. f. Berg- u. HiUtewfiesenf 1887, six. 227. 
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Gb8 0'5 per cent, and more phosphorus witlioiit hemg i 
a.b other than good. 

lu explanation of this phenomenoD, Akerman has pointed 
out that all colJ-ahort grades of iron— similar to burnt iron — 
are of coarse crystalline fracture, Haky, and of high lustre, 
and that their low tensile strength may be attributed to this 
cryetalliae structure. Since steel already exhibits a greater 
tendency to crystallisation, as a result of its higher carbon 
content, a smaller percentage of phosphorus suffices to render 
it crystalline. In consequence of the li(iuid condition they 
attain dui-ing preparation, especially when cooled slowly, all 
kinds of cast and ingot steel, and even ingot iron, tend to 
cryatallise, and therefore are more susceptible to the influence 
of phosphorus in this connection. Prolonged heating also 
produces crystallisation, and therefore cold-shortness, in iron, 
as is shown in bui'nt iron, this result ensuing the more readily 
and completely the higher the temperature employed. Suitable 
mechanical working of the metal eliminates the flaky, coarsely 
crystalline textm'e, and that the more readily and perfectly 
the lower the proportions of phosphorus and carbon present. 

In contrast to this theory, which agrees very well with 
practical experience, B. W. Cheever ^ would ascribe the diver- 
gent action of a given percentage on different kinds of iron 
and steel to the existence of two forms of this element in the 
metal : as phosphide and phosphate (the latter in the accom- 
panying slag). Though this is undoubtedly the case, and it 
must also he admitted that this explanation is very attractive 
at the first glance, the hypothesis is, nevertheless, entirely 
inadmissible, as has been, shown by L. Schneider,* iuasmuch as, 
on the one hand, the analytical methods employed by Cheever 
are open to objection, and, on the other hand, because the 
percent^e of phosphorus corresponding to the enclosed slag 



,. p. ; 
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in pudiUed iron cannot very well exceed 0002 per cent-af 
the weight of the steel, and is therefore entirely negligible a 
comparison with the harmlesa 0'3 per cent, of phosptona 
already present in the material. 

The author ^ has made an attempt to solve this problenL 
It is a. well-known fact that iron — at least pig iron rich iu 
phosphorus — when dissolved in dilute acids, furnishes phoe- 
phuretted hydrogen, in addition to hydrogen, bydrocarboiiB, 
etc., as is readily perceptihie from the smell of putrefying 
marine animals evolved. It has also long been known that 
on dissolving the moat divergent kinds of iron iji hydrochlorip 
acid there remains an insoluble residue, which, in addition to 
graphite, silica, titanic acid, and iron chromide, may also 
contain iron phosphide and iron carbide. 

L. Schneider^ succeeded in isolating the readily fusible 
phosphorus compound by means of an aqueous solution of 
copper chloride, which acts only very slowly on iron phos- 
phide, though rapidly dissolving both pure iron and iron 
alloys. He examined spiegeleisen (a), white pig iron (b, c), 
grey pig iron (d, e), white spiegel pig iron {t, g), and ferro- 
manganese (h), of the following composition t — 


1 




1 




b. [ 0. 


a. 


e. 1 .. 


«• 


• »^ 1 
5-28 

28-7 

trace 

65-8 


ChsmicaUy com- 
bined carbon . 
Graphita . 
PhoaphoniB . 
Silicon 
MftDganeai! . 
Stdphur 
Copier 
Titanium . 
Iron . 


33 

2-i 
O'oe 

0'2 
(l'44 


... 3'5fl 

1'45 ■ 0-63 
... 0'07 
... 2-47 
... O-028 
... ' O'Oa 


2-2 
1-48 
4-0 
trace 

O-'lB 


0-5fi 
2-85 
0-04 

0-07 
0-01 
0-01 


3-01 
0-46 

4 '33 
tnrx 


8-98 

3-* 
O'SB 
1815 


m 


' OaUrr. Ztiti. f. Berg- u. Eiittenmesen, 1894, iviii. p. 209 ; Jbunt. Awi 1 

ind Sted IiMt.. 1897, Tol. i. p. 234 ; Stahl u. Siun, 18B7, No. 13. m 

' Oc3(en-. ZeiU.f. Berg- «, muemiieatn, 1886, p. 736. ^^^H 
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The diBsolved residue contained — 



,.- 


Peresniago. 


. 


b. 


.. 


rl. 




I. 


«■ 


h. 


Ii-on . 


100 


100 


100 


100 


100 


100 


100 


100 




18-e 


18-8 


18 '2 


laa 


18-E 


20-6 


37-7 


38 S 


Maagftneso . 












B7 


52-8' 


M-1 



Except when large r[uantitiea of niangaueso ai'e present, 
all kinda of pig iron therefore furnish iron phosphide, of the 
composition Fe^P, when treated with copper chloride. In 
presence, however, of large quantities of niangauese, the per- 
centage of phosphorus rapidly increases with the manganese , 
content, the formula then becoming Mn^Pj. 

In the kinds of pig iron examined, the iron phosphide was 
found solely in the condition of a pulverulent crystaUine 
admixture, whilst the matrix forming the structure was poor 
in phosphorus. Con8er[uently phosphorus favours the crystal- 
lisation of the more refractory constituents of the iron by the 
formation of readily fusible compounds, which, being the last 
to solidify, are not in a position to separate in lai^e crystals. 
The same phosphorus compoimda were also detecteil by the 
author in steel and liar irou. 

He then started on a new track by more closely examin- 
ing the gases evolved during the treatment of solution with 
dilute acids. The gases were passed through two Peligot 
tubes chargetl with a neutral solution of silver nitrate of j 
known strength ; the flow of gas was regulated by an aspirator. I 
The reactions then occurring are aa follows : — 

The liberated sulphuretted hydrogen forms silver sulphide, 
according to the equation— 

HjS + 2AgN03 = AgjS + 2HNO3, 

' Silicou = 0'7 per cent, 
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whilst the phosphuretted hydrogen gas decompoeea the solu- 
tion, with formation of phoBjihoric acid and deposition of 
metallic silver — 

S AgNOa + PH., + 4H„0 = SAg + SHNO, + H3PO,. 

Smee arseniuratted hydrogen would act in the same way 
fts phoephui'etted hydrogen — 

( 1 2 AgNOj, + 2H3AB + SHgO = 1 2 Ag + 1 2HNO3 + Aa^O,) 
the iron sample in ijiiestion must i^e first tested for 
arsenic. 

(Antimouiuretted hydrogen also precipitates silver, accord- 
ing to the eijuatiou — 

a AgNOj + ShHj = AgjSb + 3HN0j). 

The silver solution employed must not he ammoniaeal, 
because the acetylene possibly present among the hydro- 
carbons would then precipitate silver acetylide).^ 

According to the foregoing, the precipitate formed in tlte 
silver solution by the gases liberated during the solution oE 
iron by dilute hydrochloric acid or sulphuric acid, coosiste of 
silver sulphide and metalhc silver. 

On filtering the silver solution through glass wool, and 
titrating the silver in solution with ammonium sulphocyanide, 
the difference gives the sum of the silver thrown down in the 
metallic state and ui combination with sulphur. On treating 
the residue on the filter (and any left adhering to the walls of 
the Peligot tube) with tlilute nitric acid, the metallic silver 
alone is dissolved. This can now also be titrated with 
ammonium sulphocyanide, whereas tfie silver sulphide re- 
mains behind undissolved, and can therefore be estimated by 
difference. 

As now, according to the foregoing equations, 8 atoms of 
silver correspond to 1 atom of phosphorus, and 2 atoms of 
silver to 1 atom of sulphur — 

' Aocording to recent eiperimenta by H. BehreiiB, however, no aoetyleao 
ippeira ou dissolving iron-carbon alloys in dilate acids. 



1 part by weight of Ag = 31 -^8 x 108 = 0-0359 of phoRplio 
1 „ „ - 32 -^2 X 108 = 0148 of sulphur. 



In the phospborus determinations given below, dilute 
sulphuric acid of ap, gr. 1-1 (at 18° C) was selected for ' 
diasolving the strips of metal, the ciperation [>eing started in , 
the coldj then heated to hoUing, and finally, after complete 
solution, a current of air waa passed through the apparatus 
for ahout nineteen minutes. The silver solution, of which 
each of the Peligot tubes waa charged with 20 c.c, contained 
0-00924 grm. per c.e. 

Since nitric acid is foiTaed during the decomposition of 
silver nitrate by either aidphuretted or phosphuretted 
hydrogen, this acid must in time, although dilute, act as a 
solvent on the metallic silver, aa is shown by the following 
figures obtained with oue and the same material. The 
titration of the metallic sdver was performed at widely 
different intervals after complete solution occiuTetl ; the 
weights of silver are given in percentages of the substance 
examined. 



Equ 



valent Amoiint of 



Immediately 
6 hiiurs 



A([, per cent. Plioaplionis, pet 

0-4749 0-01705 

0'3683 001322 

0-3138 0-01127 

0-2318 0-00832 



At anyrate, these figures show that the error resulting rj 
f i-om the re-dissolution of the reduced silver is fairly inaigniii' 
cant when the titration is performed immediately after pre- 
cipitation. The amount of substance taken wits between 0'6 
and 3 grms. 

The following tables contain a few of the values obtained 
by the method described above : — 
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1; li i|j;"s 




1 2-385 


O-13150-6521,0-7824 0-0H23 0-1052 


... 1 Wliite pig iron. 


2 3-418 


0-0744 1-7117 0-733 0-0028|0-0718 


0-0725| Dark grey pig, 

;/ Solvent used-. H^t' 


3 :3-418 


0-0744 0-7660 0-1804 'o-00580-0fl86 


... ,-^ diluted witliequalToL; 
llofHA ! 
" Panzerguss" foi fire ■ 
b»rs. 


1 


1-048 0-3375 1-06790-03831-0097 




B. Inqot InoN, PonBLED Iros-, ahd Steel. 


5 


0-2254 


0-0970 


0-6036 


0-1516 


0-0054 


0-0B16 


0-0806 




6 


0-1800 


0-0596 


1-0895 


0-0550 


0-0020 


0-0576 




Short 


7 


0-1510 


0-0690 


1-3583 


0-0333 


0-0012 


0-0638 






8 
B 


0-239 
0-25S 


0-1010 
0-0860 


1-5253 
1-7266 


0-0005 
0-0404 


0-0015 


0-1010 
0-0845 


0-1120 


Good material. 


10 




0-0964 


1-8557 


0-4514 


0-0162 


0-0802 


0-0789 


Very short. 
SligliUy cold-short. ' 


11 


0-273 


0-0469 


2-4316 


0-1504 


0-0054 


0-0415 




12 


0-308 


0-1242 


2-6820 


0-6758 


0-0243 


0-099B 






13 


0-343 


0-5849 


2-0424 


0-6902 


0-0248 


0-5401 




Cold-short. 


14 


0-122 


0-6212 


3-0138 


0-5002 


0-OlflO 


0-6022 






15 


0-375 


0-0847 


2-7547 


0-4749 


0-O171 


0-0676 






Ifi 


0-217 


0-0677 


2-0870 


0-6147 


0-0184 


0-0493 


0-6487 


Cold - short, thB ten- 


17 


0-188 


0-0704 


5-6423 


0-4932 


0-0177 


0-O527 


Q-053S 


Id^y increasing seri- 


18 


0-137 




5-5673 


0-6074 


0-0218 


0-0370 






19 


0-23O 


0-0829 


1-9924 


0-6065 


0-0218 


0-0611 


0-6617 





As these figures show, especially Noa. 15 to 19, the 
iiicreiiso in cold-shortness is accompanied by an increase in 
that portion of the phosphorus which is disengaged as 
phoHi»bu retted hydrogen wlien the metal is treated with dOute 
acids. Thus, fur iuHtaiice, wliilut Noa 8 and 9, with O'lOl 
per cent, and 0'086 per cent, of total phosphorus (of which 
but and 0'0015 per cent, are liberated as phosphuretted 
hydrogen), represent excellent material without any trace of 
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cold-shortness, the samples Nos. 11, 15, 16, 17, 18, and 19 
though having a lower (considerably so in some cases) 
percentage of total phosphoroe (namely, 0'0469, 00847, 
0-0677, 0-0704, 0-0648, and 0-0829 per cent.), exhibit a 
decided, and in part very considerable, degree of cold-short- 
ness ; these, however, on solution in dilute aeids, Uberate 
far more phosphorus in the form of phosphuretted 
hydrogen (namely, 0-0O54, 0-0171, 0-01S4, 0-0177, , 
0-0218, and 0-0218 per cent.) than the iirst-named ^ 
samples. 

The explanation of this phenomenon is that a, portion ] 
(fluctuating according to cii-ciunstances) of the total phos- 
phorus in iron and steel ia separated out in the form of 
granules of iron phosphide (Fe^P) or manganese phosphide 
(MnjPj), whilst the rest of the phosphorus remains more 
or less evenly distributed throughout the residual matrix. 
Now, whereas the latter (which is evolved in the form of 
gaseous phosphuretted hydrogen on treating the metal with 
dilute acids) naturally influences the mechanical properties 
of the material in a considerable degree, the insoluble 
granules of phosphide crystals which are scattered through 
and surrounded by the matrix, have Uttle or no influence 
on the mechanical properties of the material, though, by 
reason of their great hardness, they may, under certain 
circumstftnces, become unpleasant in the subsequent working 
of the metal (turning, etc.). 

Now, as according to the foregoing data, the granules of 
manganese phosphide (MnaP^) contain twice as much phos- 
phorus as the particles of iron phosphide (FcsP), the deposi- 
tion of phosphorus in the form of phosphide granides most 
be facilitated by the presence of manganese ; i.e. manganese 
counteracts the evil eH'ects of phosphorus — which is a fact 
that has long been known. 

Furthermore, it is highly probable that the dimensions of 
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the phosphide granules are the greater, and therefore the 
more readily noticeable during the turning or other working 
of the metal, the more fluid — i.e. the hotter — the materiftl 
has been, and the slower the cooling process ; the more time 
therefore there was for the phosphide granules to form. In 
the converse case (the amount of deposited phosphide 
being equal) the granules would be much smaller but more 
numerous. 

The author examined two samples of welded iron, which 
fully confirmed the opinions expressed above. The examina- 
tion gave the following results : — 



Chemical Composition. 



' Carbon 
. Silicon 
, Manganese 

Sulphur 
i Phosphorus 



Breaking strain, in tons per sq. in. 



Expansion per cent, (in a 2- inch 
interval) ..... 



Sectional contraction, per cent. 



Remarks 



A, per cent. 



27 



-8-40 



29-32 



welding. 
Very high cold- 
shortness. 



B, per cent. 



123 

0-103 

0-094 

0-022 

0-4557 
19-17^ 
29-21 V22-4 
18*79 



12 



25-6 



Easily welding. 
High cold-sliort- 
ncss. 



Since, notwithstanding its lower percentage of total 
phosphorus, the material A exiiibited far greater cold-short- 
ness than B (both being in the natural state of hardness), a 
determination was made, in both samples, of the amount of 
phosphorus liberated as phosphuretted hydrogen on treatment 
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with dilute acids, and of that left behind insoluble. In order 
to investigate the alteration produced in the condition of the 
pboaphonis by hardening and annealing, the material was 
heated to about 1000° C. and examined both after sudden 
quenching in cold water and after slow cooling. The 
phoaphonis contained in tlie {ihosphides was estimated by 
dissolving in nitric acid of sp. gr. l"! the residue left on 
treating the material with dilute sulphuiie acid (I vol. con- 
centrated acid plus 10 vols, water); the product was oxidised 1 
with permanganate, the resulting precipitate of manganese 
peroxide dissolved with a few grains of oxalic acid, 1 
treated with ammonium nitrate and precipitated with molyb- 
denum sohition. The results were as follow : — 



CondiH™ of 
Annealed 

Natrral 

hard [less 

Aunealed 

deaed in 
cold n-ater 


—«» — 


A. 


B. 


s™ple. 


In per 

■r^uup. 


sTnple. 


Tote! P. 


fLiberated sa PH. 
iDcpositolaspliosjibide 

Total . 

fLibcraWasPHi, 

Total 

Lil«rated aa PH, . . 
DeiKiititod as phosjOiidii 

Total . . 


0-3425 
0-09B8 

0-J423 

0-3G53 
0-0870 

0-4423 

0-3B77 
0-0746 


77-66 
22-34 


0-2S87 
0-1H70 

0-4557 

0-3133 
0-1424 


63-35 
36-66 


100-00 

80-33 
19-67 

100-00 

S313 
16-87 


100-00 

68-75 
31-26 

100-00 


0-4423 


100-00 


0-4557 



This table also shows that a larger amount of phosphorus, 
liberated as phosphuretted hydrogen on dissolving the metal 
in dilute acids, cnrreajrands with gi-eater cold - shortness ; 



further, that the amount of deposited phosphides is greater 
after annealing and smaller after hanlening than it ifi with 
the same metal in the natural state of hardness. Gotue- 
queiitly we are fully justified — the case being analogous to 
that of the different modificationa of carbon — in terming the 
phosphorus lilierated as FHj " injurious " or " hardening " 
phosphorus, and the modification insoluble in dilute acids 
" phosphide " pJiosphorus. 

The mutual transformation of these two forma rf 
phosphorua occurs in exactly the same way as with the 
corresponding forms of carbon, only that in the former 
it appaiBntly does not extend ao far as, and proceeds 
more slowly than, in the latter. 

Furthermore, it seems very probable — and has iniieed 
been confirmed by the experiments of H. Behrens and vaa 
Linge ' — that the phosphides are embedded within tbe 
carbides. * 

From the fact that the hai-dening capacity of steel is 
diminiahed by an increasing percentage of phosphorus, it has 
been rightly deduced that phosphorus favours the deposition 
of carbide. On the other hand, the injurious influence of 
phosphorus increases with the percentage of combined carbon, 
particularly hardening carbon. 

One might be inclined to conclude from this the 
existence of a special chemical relation between these 
two elements ; but, apart from this, it is nevertheless 
possible that the phenomenon is mostly due to physicfll 
causes alone — by increasing the amount of the readily 
fusible (and longest in solidifying) portion of the alloy, 
the resulting facilitation of crystallisation, and by the 
difference between the solidifying points of the phosphides 
and carbides. 

On calculating fi'om the last table the relation betwean 
■ FruHoiiiiLB, Z.!its./. amhji. Chrm., xxxiii. p. 513. 




Sample A. 
Sample B. 



= 1-166 



U'172, 
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the phosphide phosphonis, in the natural condition of hardnesa 1 
(I'„) and after hardening in water (P^) 
_ 00870 _ 

Pft' 0-0746' 

P„_ 0-1G70 _ 

P^i" 0-1424 ~ 

it will he found almoat the same in both cases ; and tha j 
pi-ohability is that the separation of the phosphides, with J 
different percentages of phosphorus, proceeds in inverse ratio ] 
to the energy of the hardening process. 

Mention may here be made of some older researches by I 
Osmond and Werth,' wherein the content of phosphoiiia in a I 
condition such as to be capalile of liberation in the form of ] 
PHj was estimated by absorption with silver nitrate solution. ■ 
The results are contained in the following table, to which I 
there has been added merely a single column showing the I 
difference (ie. phosphide phosphorus) between the total phos- I 
phorus and that liberated as PHg : 



..„. 




P.libei- 


libe^^ 
wPH. 


C, 


Mn, 


ffi. 
pet 


cent. 


per 


Acin Bessembb Steel. 

Before adding spie- 

galsba.! 
After adding spicgel- 

Basic Bessbmkr 
Steel. 

Before adding Spie- 
gel eiaan 

After idding Bjiiegal- 
eisen 




... 




... 

... 

0-038 
0-022 


0-065 
005 

0016 

0-oie 


0-044 
0-028 

0-030 
0-OlS 


0-021 
0-037 

0-016 
0-028 



* Thiorie celluUirc, Mim. de I'Artilhrk dc !a MaHnf, 1887, vol. ii. p. 273. 
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Material. 


Composition. 


P, liber- 


P.not 
liberated 






, , 




c, 


Mn, 


Si, 


S, 


P, 


ated as 
PH,. 


asPH, 

(=PhOB- 




per 


per 


per 


per 


per 


■» •■-"3» 


phide PX 




cent. 


cent. 


cent. 


cent. 


cent. 




Martin Steel. 














Before adding spie- 


• ■ • 




• • • 


• • • 


0-033 


0-022 


011 


geleisen 
















After adding spiegel- 


0-49 


0-37 


0-075 


0-024 


041 


0-014 


0-027 


eisen 
















Hardened 


0-49 


0-37 


0-076 


0-024 


0-041 


0-013 


0-028 


Very mild steel 


0-18 


0-10 


• • • 


0-060 0-070 


0-049 


0-021 


Diamond steel No. 1 


1-17 


0-18 


0-44 


0-018 


0-033 


0-005 


0-028 


Ordinary Bessemer 

steel 
Ordinary Bessemer 


0-50 


0-69 


0-11 


0-042 


0-065 


0-030 


085 


0-49 


0-74 


0-23 


0-022 


0-065 


0-026 


0-039 


steel 
















Pig iron . 


t • • 


• • • 


• ■ • 


• • • 


0-055 


041 


0-014 


Burnt iron from the 


0-11 


trace 


0-058 


0-032 


0-810 


0-147 


0-663 


Moselle, in pseudo- 
















crystals 
















Spiegeleisen . 


4-00 


19-84 


• • • 


• • • 


0-146 


0-004 


0-141 


Basic Bessemer pig 


3-00 


2-16 


1-71 


0-13 


2-500 


0-037 


2-463 


iron 
















Refinery pig iron 


3-00 


0-07 


0-37 


0-48 


1-750 


0-038 


1-712 



In general, these results show that a high percentage of 
carbon is accompanied by a high proportion of deposited phos- 
phides, this being especially the case with the first six samples, 
which represent three different sorts of steel before and after 
an addition of spiegeleisen (though the contained manganese 
may also have played some part here). An exception is 
formed by the " Diamond steel " with 1'17 per cent, of carbon 
and only 0*028 per cent, of phosphide phosphorus; probably, 
however, because the total phosphorus in this case was only 
0*033 per cent. The burnt iron forms another exception; 
probably in consequence of an oxidation of hardening carbon, or 
because the conversion of hardening phosphorus can only occur 
at a comparatively high temperature and at a very slow rate. 

If, therefore, phosphorus seems to favour the deposition 
of carbide, it would also appear as though, conversely, carbon 
favours the deposition of phosphorus. Consequently the phe- 
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nomenon of cold-shortness would not be solely, or to ao great 
an extent, dependent on the amtmnt of hardening phosphorua 
present. It is necessary to take into consideration at least the 
total amount of the phosphides and carbides present, or, in other 
words, the amount of the portion that solidifies last dui-ing 
the cooling of the molten metal, inasmuch as the formation 
of crystals in the portion of the iron that solidifies fii-st is 
greatly facilitated as the quantity of the mother metal increaseB, 
E. D. Campbell and S. 0. Babcock^ also distinguish 
between two different forma of phosphorus in iiim and steeli 
They heated three ditfereut sorts of steel to 900-1000° C, 
and allowed one of each to cool slowly, the others being 
hardened from various initial temperatures by immersion in 
water at 4^5° G. Determinations were made of the portion 
of phosphorus soluble in acid mercuidc chloride solution, with 
the following results : — 





TliBrmal 


T.u>iK,™Cure. 


iaAddH^l,. 


c. 

per .*iil. 


V. 
per tent. 


per ceuC 




i^T^': 


0-10 


0-iia 


0-484 


hardened 


719 
825 
92S 
1028 


0-089 
0-081 
0-079 
0-080 
0-08S 


83-2 
88-08 

67-2 
72-2 


0-37 


0-160 


0-820 


hardened 


728 
827 
923 
1027 


0-137 
0-110 
0-OfiS 
0-048 
0-049 


86-6 
68-8 
41-2 
30-0 
30-8 


1-22 


0'098 


0-780 


bardcned 


750 

923 
1023 


o-oaa 

0-087 
0-061 
0-018 
0-015 

ooie 


lOO'O 
8S-B 
S2-0 
18-8 
16-3 

16-a 



I 
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Ati estimate nf the molecular weight was made by the 
author.' 

C, Sulphur 

H. Eocholl reported that the whole of the sulphur is not 
liberatoil as sulphurettod hydrfigen when cupriferoua iron 
alloys are dissolved in acids ; and Fresenius, C Meinecke,' and 
others found larger or smaller quantities of sulphur in the 
residues from iron treated with acids ; whereas, on the other 
hand, G. Hattensauer* (who found an equal quantity of 
sulphur from Martin metal, both on oxidising the liberated 
sulphuretted hydrogen and in the residue left after treatment 
with concentrated sodium-copper chloride), Craig, F. Brag- 
man,* J. 0. Arnold, and H. J. Hardy * proved the conversion 
of the total sulphur even in presence of copper. 

According to Eocholl," the sulphur in ordinary pig iron 
and BesBemer iron is converted almost entirely into Bul- 
phiu-etted hydrogen by acids, whereas in cupriferous iron the 
percentage of sulphur left in the residue increases with the 
amount of Cu present iu the sample. 

According to Turner,^ only a portion of the sulphur in 
iron containing silicon and sulphur is converted into HjS by 
the action of HCl, the rest being retained by the graphitic 
mass unattacked by this acid. He assumes that sidphur 
occurs in two modifications in pig iron. 

L. Schneider* found no sulphm- left in the undissolved 
residue, provided sufficient liydrochloric acid had been used, 
and the whole boiled half an hour after the evolution of gas 



ceased. C. Eeinhardt," 



found no ponderable 



L 



Joum. Iron a/iid Slcel Inst., 189B, vol. 

Zcils.f. angew. Clism., 1B88, p. 376. 

Ohem. JVcHis, liv, p. 2B0. 

Ibid-., xlvL p. 236. 

Joum. Iron otuI Steel Inst., ISSS, vol. i. 

Otnterr. ZeiU.f. Berg- u. HlUien^nesea, 189S, No. 

StaM u. SUen, 18B0, p. 430. 



" Chem, Ztg., xv. p. 621. 
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amount of sulphiu- in the residue left on using HCl of sp, gr. ' 
1-19. 

According to L L, de Koninck,^ when dilute acids are ] 
used, a portion of the sulphur is left in the residue in the I 
form of oi^anic compounds ; also, according to W. Schulte j 
and Phillips, a portion of the sulphur is liberated, not i 
sulphuretted hydrogen, but as (CH3)2S. 

According to Carnot and Goutal,^ the sulphur appeal's as 1 
MnS when manganese is present ; probably, however, FeS, 
and perhaps also cupper sulphide, is likewise present. 



D. Chromium 

This element occurs in two typical forms in u-on— -(a) I 
distributed (dissolved) in the main mass of the metal, and I 
therefore readily soluble when treated with acids ; and (&) j 
deposited in the form of acicular crystals, which are attack- 
able only with difficulty by acids. These needles consist oE 1 
iron -chromium carbides, the composition varying — -with the I 
percentage of chromiimi present. Up to the present, the i 
following have been detected : — 

In 50 per cent, ferrochrome, Ht^'bV,^ (H. Behrens and | 
van Linge ; H. von Jtiptner). 

In chrome steel with about 30 per cent, of chromium, i 
CrjFeyCj (H. Behrens and van Linge). 

A Carnot and Goutal * have examined feitochrome of the ] 
following composition : — ■ 



., ' .,. 1 


Chromium ' 
Catbon 


32-fl per cent. 


32-2 per cent. 
1 69-1 „ 
1 9-1 .. 

1 



^ Comjjl. Teiid., vol. cxxv, p. 231. 
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This they treated with pure hydrochloric acid for two 
days at G0° C. The insoluble residue was treated with a 
solution of cadmium- and tungsten borate, and then brought 
into sohition by dissociation with potassium sulphate. The 
composition corresponded with the formula FcgCrgCy, which may 
also be written FcgC . rJCrgCg- Now FcgC is cementite, and 
CrgCg is the chromium carbide obtained by Moissan in the 
electric furnace. According to this, we have to do with 
either a definite compound or a mixture of these two carbides. 

In chrome steel with 2 per cent, and 0*57 per cent, 
of chromium, they found a carbide of the composition 
SFcgC . CrgCg. It would appear as though the carbides of 
iron and chromium had the power of forming double carbides 
of divergent composition, the one in ferrochrome containing 
3 mols. of chromium carbide to 1 mol. of iron carbide, whilst, 
on the other hand, the one in chrome steel of low chromium 
content contains 3 mols. of iron carbide to 1 of chromium 
carbide. 

E. Tungsten 

According to Behrens and van Linge, this element is 
deposited as FcaW, or FcgW according to Carnot and GoutaL 

F. Molybdenum 

is deposited in the form of FcgMog in iron alloys, according to 
Carnot and GoutaL 



G. Nickel, Copper, Titanium, 

and manganese in excess, seem (according to Carnot and Goutal) 
to occur dissolved as such in iron, and therefore to be deposited 
as elements when the metal is dissolved. 
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H. Oxygen 

occurs naturally in iron solely in combination, principally as 
MnO and FeO, though under certain circumstances Si02 may 
"be deposited. 

The microscopic appearance, as well as the phenomena of 
the curves of recalescence, indicate that oxides, like sulphides, 
are only deposited when the metal has become solid, and at 
temperatures below 900° C. 

According to Carnot and Goutal,^ the state of combination 
of S and P in manganif erous steel does not appear to be 
changed by hardening. Arsenic seems to appear in the free 
state in steel that has been cooled slowly, whereas hardened 
steel probably contains FcgAs. 

1 Coinpt. rend., 9th July 1900. 
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CHAPTER X 



GASES 



Like all other liquids, fluid iron is capable of occluding gases; 
in- fact, some gases are also absorbed and retained by the 
metal when in the solid state. These gases are naturally 
subject to the general laws of absorption — 

1. The solubility of gases in any solvent is proportionate 
to their pressure (Henry's law, 1803). 

2. For all gases that follow Henry's law, by dissolving in 
proportion to their pressure, the osmotic pressure is equal to 
the corresponding gas pressure (Van't Hoff). 

3. In a mixture of gases, each gas dissolves in accordance 
with its partial pressure (Dalton, 1807), ie., when several 
gases are dissolved together, each exerts the same osmotic 
pressure as though it were alone. 

These laws naturally apply only so long as the gases do 
not suffer any chemical change in absorption, i,e, so long as the 
molecules have the same composition and dimensions in the 
free and absorbed state. Otherwise exceptions occur, and it 
is just these deviations from the laws of absorption that 
prove the gases to have suffered chemical change during the 
absorption. 

If now we examine the gases occurring in iron alloys, we 
find them to consist of carbon monoxide, hydrogen, nitrogen 
(argon), carbon dioxide, and small quantities of oxygen, as 
the following analyses of the gases enclosed in the bubble 
cavities show : — 
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Composition of Gas. c | 


Material. 


Method 
of Preparation. 


Volume 
of Oas. 




i 








1 






■ -— - 


CO,. 


CO. 


H,. 


N,. 


Various Sorts of 




Steel and Iron— 














eoiUiniLed 












I 


Rail steel (with 




% 


% 


% 


% 


% \ ■ 


bubbles), forged . 


7-3 


• • f 


• • • 


54*9 


45-5 


Bessemer spring 














steel (frothy when 














cast ; a few small 














bubbles) 




21-0 


• t • 


• • • 


81-9 


18-1 


Martin metal (Bo- 














chum) before addi- 














tion of spiegeleisen 




25 


• • • 


2-2 


67-0 


30-8 


Dense steel from Bo- 














chum (not forged) 




17-0 


• • • 


1-4 


92-4 


5-9 


Dense steel from Bo- 














chum (forged) 




5-5 


• • • 


1-3 


72-4 


25-3 


Mild Thomas steel 














with2-5%offerro- 














manganese ; rest- 












u 


less, spurting, 










J 


swelling moder- 


^ 










■^ 


ately, with numer- 


nder 










r 


ous radial pores . 


36-0 


• • • 


0-6 


85-4 


14-8 g- 


Basic metal, without 


S3 










• 


addition ; quiet 


-s 










o 


in the j)ot and 


^ 

s 












moulds, slightly 


CO 

2 










^^ 


spurting, swelling 
slowly, few radial 


M 
























pores . 
Thomas steel with 




20-0 


• • • 


• • • 


64-5 


35-4 














5 % of 14 % Hili- 
cide and 2*6 % of 


























70 % ferromanga- 














nese ; steel swell- 














ing quietly, block 














moderately porous 




22 


• • • 


0-4 


86-4 


12-7 


Thomas steel with 














5 % of 14 % sili- 














cide ; steel swell- 














ing quietly, block 


\ 










45-3 ' 


slightly j)orous . 


6-0 




• • • 


64-7 


Dense steel . 


With sharp drill . 


21 




1-6 


67-1 


33*3 1 . 


>» »» • • 


,, blunt ,, 


1100 




• • • 


88-7 


10-3 11 
44-9 (1 


Grey pig iron 


„ sharp ,, . 


75 




? 


62-5 


»> »> • 


,, blunt ,, 


600 




? 


54-5 


45-5 J 



Zjn-omski, by annealing different rods of steel in a 
porcelain tube, obtained the following quantities of gas: — 



No. 


Material. 


Weight of 

Sample 

Rod, 

gmis. 


Volume 

of Gas at 

15" C. and 

750 mm. 

in c.c. 


Perc 


enta^e C 
position. 

CO. 


!om- 

N,. 


1 


Ingot iron from Martin furnace, 
block 240 X 225 mm. . 


24-242 


16-00 


58-4 


5-6 


36-0 


2 


Ingot iron from Martin furnace, 
block 200 X 195 mm. . 


23-650 


18-55 


60-9 


5-9 


33-2 


3 


In^ot ii'on from Martin furnace, 
block 165 X 165 mm. . 


24-450 


16-95 


52-5 


13-5 


33-9 


4 


Ingot iron from Mai*tin furnace, 
block 70 X 70 mm. 


24-432 


16-80 


66-8 


6-8 


36-4 


5 


Puddled fine-grained iron, re- 
heated, faggot rod 


24-353 


16-15 


27-8 


40-3 


31-8 


6 


Puddled fine-grained iron, not 
re-heated, billet . 


23-995 


14-10 


15-6 


45-3 


39-0 


7 


Puddled fine-grained iron, re- 
heated, faggot rod 


24-851 


16-55 


30-8 


45-4 


23-8 


8 


Puddled fine-grained iron, not 
re-heated, billet . 


23-453 


15-25 


22-3 


45-5 


32-1 



Miiller's investigation of the gases escaping during or 
shortly after the filling of the mould, gave the following 
results (tabulated abstract by Diirres) : — 
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Remarks. 


^ Considerable diminu- 
V tion of CO and in- 
j crease of N. 


Compared with decar- 
bonised Bessemer 
metal, more CO and 
w less N and H, ex- 
plained by the pro- 
tecting cover layer 
of slag. 
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Material. 
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Bessemer Products — continued 
14. Bessemer steel ; completely 
decarbonised and hot-short, 
before addition of spiegel- 
eisen. Swelling and copious 
liberation of gas, zone of 
worm ca«sts, and single 
] nibbles in centre ; second 
gas sample .... 
Corrected .... 


15. Martin metal ; completely 

decarbonised, as comparison ; 
first gas sample . 
Corrected .... 

16. Martin metal ; completely 

decarbonised, as comparison ; 
second gas sample 
Corrected .... 
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From these researclies Muller drawB the following eon- 
clusiona : — 

1. Molten iron and steel contain a mixture of gaa, con- 
sigtiug of CO, Hj, N., and CO,, with small portions of free 0., 
the mbttiire being of very variable composition, and present 
partly in solution and partly in combination (alloyed). 

2. As cooling proceeds, a mixture of these gases k 
liberated, chiefly consisting of carbon monoxide, together with 
hydrogen and nitrogen, though fluctuating between certain 
limits according to the nature and treatment of the iron. 

3. The solidified metal retains a quantity of imprisoBed 
gas, which is liberated by broaching, and consists mainly of 
hydrogen and nitrogen, with a greatly diminished proportion 
of carbon monoxide. 

4. By heating the comminuted metal to redness in vaeao, 
small quantities — to be regarded as combined remainders — 
of the elementary gases can be driven out and determined. 

On comparing the behaviour of the gases absorbed into 
iron with that of gaseous solutions in water and similar 
liquids, we find that carbon monoxide, carbon dioxide, and 
(partly, at least) nitrogen, follow the law of gases. They are 
also displaced, with comparative ease, from their condition of 
solution in iron, by other gases ; and, according to the aboVft- 
mentioned researches of TrooBt and Hautefeuille, it would 
also appear that the proportion of carbon monoxide at least 
that can be dissolved varies inversely with the amount of 
extraneous substances in the iron. 

An entirely different behaviour is exhibited by hydrc^en, 
which, indeed, as already mentioned, is almost the only gas 
present in solid iron (apart from the gases enclosed in the 
bubble cavities). 

Thus Ledebur determined the amount of hydrogen 
retained by the solid metal (the gas bubbles being as 
far as possible excluded) by the combustion of the finely 




divided i 
resultfl :- 



1 in dry oxygen, and obtained the following | 



FeiTOmanganese with 70 per 
cent. Mn 

Ferrosilicon with 11 '29 per 
cent. Si, 2-08 per cent, 
Mn, and 1 '59 per cent. C 

Martin iron (poured) with 
0-10 percent C, O'H per 
cent. 8i, and little Mn 



0'0028 per cent, by weight. 



0-0017 



As far back as 1866 Graham found that not only ia 
hydrogen able to diffuse through the metal of a red-hot iron , 
pipe, but also that the metal, when allowed to cool down in 
an atmospliere of the same gaa, occludes 0'46 per cent, of 
its own volume thereof.^ Subsequently Cailletet,^ by electro- 
lysing a solution of ferric chloride, rendered neutral by ammonia, 
obtained lustrous crystals of iron which were hard enough to 
scratch glass, and contained 0'028 per cent, of hydrogen. 
Johnson,^ Hughes,^ Baedeker,* and Ledebur," showed that iron 
corroded by ddute sulphuric acid or hydrochloric acid will 
absorb hydrogen. The author haa had occasion to observe 
that in such cases the hydrogen can diffuse through sheet 
iron and produce large bubbles in defective places. In these 
bubbles the gas is contained under cousiderable pressure. 

Roberts -Austen found that the electrolytic precipitation 
of iron does not always furnish the hard form capable of 
scratching glass. He gives the breaking strength of electro- 
lytically precipitated iron as 2'7 tons per square inch, in- 
creasing to 15J tons after anneahug at 800° C. 

The previously cited analyses of the occluded gases show 



* Graham, Calleded JForlta, p. 279. 

^froe. Sny. Soe., 1875, xxui. p. 168. 

I'Vbsm. Soe. TsUgraph. Eng., 1880, p. 

'* Jias. d. Ver. deiUach. Ing., 1888, p. 

'Stahl u. Eiacn, 183?, p. 681 ; 1889, i 



' Compi, reiid., 
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that BeBsemer steel k 
the solid state contaiuB 
far more hydrogen than 
Ditrogea or carbon mon- 
oxide, although in tbe 
converter tbe metal is 
traversed by powerful 
currents of air coDtaining 
only a relatively amall 
proportion of water 
vapour. 

Special interest at- 
taches to the latest i 
searches of BobertB- 
AuBten.^ By galvanic 
[■recipitatioii of a care- 
fully prepared.chemically 
pure solution of ferric 
chloride, he pi-oduced a 
piece of pure iron 5 
grms. in weight ; ttus 
was rather harder than 
fluorspar, and, when 
warmed in water at 70° 
C, disengaged hydrogen, 
the evolution of gas 
ceasing after several 
hours. The iron was 
inserted in a iwrcelain 
tube, which was then 
evacuated by means of a 

1132'C 1 M/th S^ort to the Alloyt 

Dams c. Jloeareh Commiltte of tht ttul. 

' I I ■ I ■ ■ ' I ■ ' ■ ■■-] o/mch. Sag., 186B. 
Discnga^emmi of htai 




tuercnry air-pump, ftutl heated, whei'eupon a fiirther evolution 
of hydrogen was oiitaioed. Although this disengagenieut o£ 
gas never enth'ely ceased, it was nevertheless very slight 
indeed by the time the temperature of 1300° C. was 
attained. 

Fig. 85 repreaenta the cooling curve of this metal after 
being four times heated, and showa that the same contains 
at least three hitherto undetected critical points. The co- i 
ordinates are, as uBual, time and temperature; the latter, 
however, does not represent the actual temperature of the 
metal, hut to a large extent the disengagement of heat at the 
temperatures given below. 

Tlie critical points observed are the following : — The 
point A, at 1130° C, which had already been observed by 
Dr. E. J, Ball ; also B, corresponding to the ordinary point 
Ar^ of Osmond, at 895° G. In the course of further cooling, 
the point Arj appears at 770° C. Ar| is absent. On the 
other hand, a disengagement of heat recurs at between 550° and 
600° C, though its precise position is difficult to define, as 
it seems to vary a little on the repetition of the experiments. 
The next critical point is one of extreme interest. It occurs 
between 450° and 500° C, and appears to be connected with 
the retention of hydrogen by the iron — even though heated 
to 1300° C. Finally, another critical point appears at 
270° C. (i.e. 400° 0. below red heat). 

These researches throw a new light on the relation 
between iron and hydi'ogen. The two lowest of the critical 
points mentioned appear even after the electrolytically pre- 
cipitated iron has been heated in vacuo three times in suc- 
cession to 1300° C; however, on frequently repeating this 
heating in vacuo, they become so faint as to be difficult of 
identification. There is therefore little doubt but that they 
are caused by the presence of occluded hydi'ogen. The higher 
of these points might correspond with the deposition of an 
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iron hydride from the solid solution, the lower one (at 270° C), 
however, to the appropriate eutectic solution. 

It is worthy of note that the amount of heat liberated by 
electrolytically precipitated iron at all the critical points, 
except the lowest, is diminished by repeated heating in vaciiOy 
but can be restored to the original figure by re-saturating the 
metal with hydrogen (employing the iron to serve as negative 
electrode in the decomposition of acidified water). These 
results, which indicate that the molecular changes of condition 
of iron depend on, or are at least influenced by, the presence 
of small quantities of hydrogen, entail further careful investi- 
gation. Other researches of Austen's, still uncompleted, in- 
dicate that the relations between iron and hydrogen are far 
more complex than was believed. 

Mention must here be made of the noteworthy circum- 
stance that it is just the tetravalent metals of MendelejefTs 
group VIII. (namely, iron, cobalt, nickel, ruthenium, rhodium, 
palladium and osmium, iridium, platinum) that exhibit a 
special afl&nity for hydrogen. 

Nitrogen, also, is tenaciously retained in small quantities by 
iron ; the researches on this point, however, are so incomplete, 
and the influence of nitrogen on the properties of the metal 
so slight, that mere mention must sufl&ce. Furthermore, the 
fact that iron forms with carbon monoxide a definite chemical 
compound of ready volatility need only be referred to Id 
passing. 



BOOK IV 

THE CHEMICAL COMPOSITION OF SLAG 
CHAPTER I 

INTBODUCTORY 

mutual reactions uccuning between slag and metal 
constitute one of the most important factors in the majority 
pf metallurgical processes. Later on we shall have occaeion 
to go into this matter more fully, hut will now proceed to 
ideal with the chemical composibitra of sl^, so that afterwards 
can revert thereto. 

A. Ledebur was the first to regard slags as solutions, in- 
itead of complex chemical compounds. On this point he 
aya:i— 

"AH the constituents of slags, and especially the oxides 
nentioned,^ of which the slags mainly consist, appear in 
Ktremely fluctuating mutual proportions, and without refer- 
mce to stochiometric ratios. Hence it follows, in the fii-st 
>lace, that a slag is not necessaiily a single chemical com- 
(Oimd {e.g. a silicate of definite formula), but should be 
igarded as a solidified solution of various chemical compounds 
. one another. That these compounds mainly consist of 

' Handbuch der Eisenhntte^ijcunde, 2nd edition, i. p. 176. 
'' Osidea of metals, ailii:ou, phosphor 
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oxygen compounds of the metals and metalloids has already 
been mentioned." 

He also says : ^ — 

" Borax and phosphate in a molten condition form excel- 
lent solvents for a very large number of oxides, and solidify 
therewith to ' glasses ' of homogeneous composition, no matter 
what the mutual proportions by weight. There is no reason 
to suppose that, when silica or phosphoric acid are brought 
into association with lime, magnesia, ferrous oxide or other 
substances at high temperatures, the formation of a simple 
mutual solution of the bodies is impossible, and that much 
closer combination must necessarily occur. 

" Of course there is no doubt but that certain combina- 
tions can occur within a solution, and therefore also within 
a liquid slag, though, to be sure, these combinations do not 
come into decided evidence until solidification is proceeding; 
or is complete." 

How accurate are these opinions of Ledebur we shall see 
hereafter. 

To facilitate the study of the chemical composition of 
slags, we will divide them into three groups, viz. — 

1. Sihcate slags, consisting of metallic oxides and silica. 

2. Phosphatic slags, consisting of metallic oxides and 
phosphoric acid. They occur solely in admixture with silicate 
and oxide slags. 

3. Oxide slags, consisting solely of metallic oxides. These, 
also, are not met with pure in practice. 

^ Loc, cit. p. 176. 




Before proceeding to describe the silicate slags, we will f 
make the acqiwintanee of the various existing hydrates of 
silica. 

Of all the poBsihle forma, only ortho- (H^SiO^) and meta-i 
ailicic acid (H^SiOj) are kuown in the hee state. They t 
nish numerous other pyro- or poly-ailicic acids on hydrolysi 
(e^. di-silicic acid, H^SiaOs, and tri-silicic acid, H^SigOg), I 
these ai-e not known in an nneombined condition, though 
many of the corresponding silicates are fi^iind aa minerals. 

The subjoined table (chiefly after Weltzien) shows all the 
theoretically possible varieties of silicic acid. 







M..0- 


a- 1 Tn. 


Poly- 








HUJciu Aclde. 




2 basicormeta 




H^iO. 


H,SI,0, 


H,S1A 




i „ „ ortho 


1 " 




H,SiA 


H.Si,0, 




6 >, - 


° 




H,S1,0, 


H,Si,0, 


ff»St»Or.-M 


8 ., . 




H,SiO„ 








10 „ 




H,SIO, 


hK<s, 


H,Si.O„ 


JI&i.C 


V2 „ . 


s 


Hi^lO, 


.y& 


H,^l,0.,' 


B^i.0,^ 


3n „ 




B,JliO^ 


ir,J!t,o^ 


B^I.O^, 



[ysia-^^l 
biit:^| 
pugh IB 

e 



The formula in italics is the general formula for ailici 
acid, which, however, only has au actual value when both : 



:e it Li only 3(H,SiO,), 
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and m are greater than zero. Of course one can also imagine 
the occurrence of isomers among the silicic acids, e.g, — 

y Si-O-H 

H-0-Si\^ ./}^r. 

TT r^ CI- /O and 

H-O-Si/ ^1/ 

^ Si-O-H 

and also that certain of these will merely represent a plurality 
of molecules of simple hydrated silica. This latter event majj 
ensue when the formula of a polysilicic acid is a multiple of 
a more simple one ; it miist occur when the formula is a 
multiple of an ortho-silicic acid. 

The silicates, also, can be divided in accordance with this 
scheme, and we thus obtain, for example, meta-mono-silicates, 
ortho-di-silicates, hexabasic tri-silicates, etc. 

In metallurgy, however, a different nomenclature is gener- 
ally employed, as is shown in the appended table, along with 
the corresponding older chemical names. 



0x3'gen Ratio. 






Molecular Formula for— 




Older Chemical 
Name. 


Metallurgical 
Nomenclature. 




Acid 
Base. 

1 : U 


Monoxide 
Bases. 


Sesquioxide 
Bases. 


^-silicate 


Sub-silicate 


fisSiOft 


1 
fiaSiOj 


1 : 1 


h „ 


Singulo- ,, 


^28104 


fi^SijOu 


n : 1 


s- „ 


Sesqui- ,, 


ft4SisOio ' figSijOa, 


2 : 1 


mono- ,, 


Bi- „ 


ftSiOs 


fiaSisOj 


3 : 1 


14- „ 


Tri- „ 


fiaSisOs 


fi^SieO^ 



In order to obtain further information on the constitution 
of the silicate slags, we may now make use of the fusing-point 
curves and the microscopical examination. 

With regard to the latter, it should now be mentioned, 
once for all, thgit amphibole minerals, felspar minerals, free 
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acids, and free sesquioxides, are never found in slags. The 
first named have never been prepared by mineral synthesis 
(fusion); the occurrence of alkali-felspar is impossible on 
account of deficiency of alkali ; and melilite or gehlenite 
always appears in place of anorthite and labrodorite. 

Consequently the presence of free sesquioxides and free 
silicic acids as constituents of silicate slags is primd facie 
impossible. 

No fusing-point curves have as yet been compiled for 
slags ; and in fact, as the following table will show, the 
existing reports on the fusing temperatures and temperatures 
of formation of slags are very defective : — 

A. Temperatures determined with Princep's Alloys. 



Substance. 



Glass (plumbiferous) 

Glass (leadless) 

Slag from ore smelting at Muldener-Hutte . 
Similar slag, very rich in zinc oxide 
(Both slags were full of bubbles when cold. Com 
plete fusion does not seem to occur below 1130° C. 
Copper-ore concentration slag 
Melaphyr from Mulatto 
Pitchstone from Arrau .... 
Hauyn basalt from Neudorf, near Annaberg 
Leucite basalt from Pohlberg, near Annaberg 
Syenite from Edle Krone, near Tharandt 
Pitchstone porphyry from Leisnig 
Quartz porphyry from the Travigno Valley 

Asbestos, about 

Regulus slag from the old Freiberg method 

Pure Altenberg zinc slag 

Copper . 

29-1 SiOo + 70-9BaO 

+ 62-4 „ 

+ 48-0 CaO 

+ 38-2 ,, 

+ 40-2 MgO 

+ 31-0 ,, 

4-35-7 AI2O3 

+ 27-0 „ 
Blast-furnace slag : 50% SiOg, 17% AI2O3, 3% FeO 

and 30% CaO . 
Freiberg regulus slag : 48% SiO^, 9% AlgOg, 37% 
FeO, 4-5% CaO, 1-5% MgO 



37-6 
52-0 
61-8 
59-8 
69-0 
64-3 
73-0 



>> 



)i 



j> 



>» 



f> 



>> 



11 



Tempera- 
ture of 
Formation. 



C 



Fusing Point. 



° C 

1000 (1400) 

1200 

1030 

1030 



1045 

1106 

1106 
1080-1106 

1130 
1130-1160 
1130-1160 
1130-1160 

1300 
1160-1178 

1160 

1100 



1444 



1392 
1326 



1208 
1166 



296 SIDEROLOGY: THE SCIENCE OF IRON , 

given by Akerman to be otherwise than at least fsiia3^ 
the fusing-point curves. 

D. Temperatures of Formation and Fusion of SiNouLO-SiLiCinSP^''^ 

CALCULATED — (a) AFTER P. GrEDT, (6) AFTER R. AkERKAV.^ 





a 




No. 


Oxygen 

ratio, 

A1,0, 


Tempera- 
ture of 
Formation 
of the 




CaO. 


Slag. 






'C. 


1 


0-00 


1570 


2 


0-05 


1526 


3 


0-11 


1492 


4 


0-18 


1468 


• • • 

5 


• » ■ 

0-25 


• • • 

1451 


• ■ • 

6 


0-33 


• • • 

1439 


• ■ • 

7 


o'-'43 


■ • • 

1430 


• a • 

8 


0-54 


• ■ • 

1422 


9 


0-67 


1417 


• • • 

10 


0-81 


1412 


11 


i-oo 


1410 


■ • « 

12 


1-22 


1430 


13 


1-50 


1468 


14 


1-86 


1526 


15 


2-33 


1613 


• • • 


• • • 


• • • 



Oxytjen 

Ratio, 

AlaO.., 

CaO. 



0-20 
2-25 
0-30 

0-40 

0-50 

• • • 

0-70 

0-90 
1-00 
1-20 

1-50 

2-00 

2-35 



Total Heat 

of Fusion 

per Unit 

Weight of 

Slag. 



Calories. 



428 
410 
380 

• • • 

363 

» • » 

349 

• ■ ■ 

• • • 

347 

• • • 

355 
361 
377 

• • » 

400 
430 

• • ■ 

461 



Calculated Temperature of TvA»\ttli^ 
on the Specific Heat givo. 



Assumed 

Specific 

Heat. 



Calculated 

Fusing 

Points. 



0-30 
0-30 
0-30 

0-30 

0-30 

• ■ • 

0-30 

o'-30 
0-30 
0-30 

0-30 

0-30 

0-30 



0. 



1427 
1367 
1267 

• • • 

1210 

« ■ • 

1163 

■ ■ • 

• ■ • 

1157 

• ■ • 

1183 
1203 
1257 

1333 

• • • 

1433 

• • • 

1537 



Assumed 

Specific 

Heats 















320 
312 
305 

299 

291 



290 

296 
299 
305 

310 

320 

327 




1197 

1200 
1207 
1236 

1290 

• • • 

1344 

• • • 

1410 



Figs. 86-89, Plate X., give the total heats of fusion of 
different silicates of lime, or lime and magnesia, from the 
monosilicate to the tri- and tetra-silicate. They are exactly 
similar to the freezing-point curves of solutions. 

^ Jernkont. Ann., 1889, Nos. 5 and 6 ; Stahl u. Eisen, 1890, p. 424. 
^ According to Akei-nian's observations, these specific heats vary between 
0*29 and 0*33, and are lower with fusible than for refractory slags. 



Fig. 90. 
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CaO = silicate . 
(3CaO + MgO) = silicate . 
(2CaO+MgO)= „ . 
(CaO + MgO) = „ 



These curves give two minima for each seiies of sihcates, 
mely — 

Ist Miiiimani. 2nd Minimiim. 

1 -5 = silicate 2 -83 = silicate 
1-S- „ 2-5 - „ 

1-5= „ 2-39= „ 

i'5= „ 27 - „ 

i three maxima, the central one of which coiTesponds — 
with CaO = 3Uiuate . , . to the l-87 = 8ilicate 

„ (3CaO + MgO)^ silicate . . ,,1-76= „ 
„ (2CaO + MgO)= „ . . „ 1-78- „ 
„ (CaO + MgO) = „ . . „ 1-76= „ 
Similar curves are given in Figs, 90 and 91 for FeO-sili- 
s and iron-calcium silicates (according to H. 0. Hofman),* 
ibese need no further explanation. 

In this way one of the constitnents of the aolntion would ' 
ft revealed aa a metasilicate, whilst the two minima to the | 
left of these maxima must coiTeapond to the ] 
lification points of euteetic mixtures. 
The occurrence of metasilicates in slaga was presumable.since I 
8 hydrate is known in the free state. Furthermore, Vogt^ has | 
roved the presence, in slags, of a whole aeries of metasilicates, I 
Baetatite, MgSiOj ; hyperathene and bronzite, (FeMg)SiOj ; 
bllaBtonite,CaSiOj;augite, Ca(Mg,Fe)SiOB; rhodonite, MnSiOg; 
iingtonite, )i(Mn,R)SiOB + FegSigOo ; a new hex^onal 
L silicate (CaSiOg)).* Now, what are the compounda . 
faring in addition to these in the two eutectie mixtures ? | 
"hey cannot be free seaquioxide bases and free silicic acids, 
since wo have already seen that these do not occur at all in 1 
slags ; consequently the bodies in question must be silieatea. 

' The temperatures at whicli certain ferrona and calcic silicates ore formed | 
in fusion {Tram. At/ier. lad. Ming. Eiig., Sept. lB9fl). 

° "Studier over Slagger," Bihang t. k. sveiiska Vet. Akad. Handlingar, 
vol. ii., No. 1 ; "Om Slaggei's af SamtiuiiiBattmiigen liei'oende kristallisBtioDS- 1 
Rrhftllandan," Jeniiant. Ann., 1885; Bi 
bildung in Sckmelzmasscit, Christiania, 1892 
' Sc« also in Book II. 
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As the more basic compound, the orthbsilicate seems lihe 
more 'probable, since this acid is also known in the free 
state, and because Vogt also found similar silicates (olivine, 
(Mg,Fe)2Si04 ; fayalite, (Mn,Fe)2Si04 ; thephroite, MngSiOi*, 
monticellite, CaMgSiO^ ; melilite, (EO)i2(Al2O3)2(Si0j),; 
willemite, Zn2Si04). 

A more difficult question to answer is that respecting the 
acid constituents of the mixture, since Vogt mentions only 
one acid silicate (E02)(Si02)3, which occurs as globulites or 
crystalUtes in siliceous enamel slags (of a stage of silication 
equal to at least 2*5). On the other hand, the heat-of -fusion 
curve of the calcium siUcates (Fig. 86) extends as far as the 
tetrasilicate without revealing any decided maximum, so that, 
at the most, only the salts of di-silicic acid (HgSigOg) or the 
di-basic tri-silicic acid (H2Si807) can be in question. 

In slags with an oxygen ratio, 0'5— 0*8, Vogt detected a 
mineral, gehlenite, which corresponds to a 0*67 silicate. 

We thus have as constituents of slag — 



stage of 
Silication. 



0-67 
1-00 

n 

>> 

it 

1-50 

2-00 

>> 

> > 

s'-bo (?) 

4-00 (?) 
6-00 (?) 



Typical 
Formula. 



Mineral. 



628104 



11 

11 

1 1 



648130 
fiSiO, 



10 



1 1 

628! A (?) 

RSiA 

R SigOy 



Tetragonal 



>t 



Rhombic 



ft 

11 
11 



Gehlenite (R0)3. (AlgOj) . (8103)2 

Melilite (R0),2 . (Al203)« (8103)9 

Olivine (MgO)2.8i02 " . 

Fayalite (FeO)2.8102 

Tephroite(MnO)2.8i02 . 

Monticellite, CaO . MgO . 8102 

Willemite (ZnO)2. 8162 . 

New non -aluminous, calcareous, 
mineral : akemianite (R48isOio)« 

Hexagonal calcium silicate, CaSiOg 

Wollastonite, Ca8i03 . Mono-symmetrical 

Augite varieties, Ca(Mg)Si03 . ,, 

I Rh6donite, MnSi03 . . Asymmetrical 

' Babingtonite, /i(Mn, R) 8i08 + Fe2Sl809 ,, 

Enstatite, Mg8i03 .... Rhombic 

|BEf"''}(^''.Mg)S.O. . 
Globulites in acid enamel slags. 

? 



tetragonal 
Hexagonal 



11 



The last three members are more or less hypothetical 
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There now only remains to be mentioned the relt 
ween the appearance of these minerals and the composition 
I the slag ; and in this connection we have mainly to depend 
1 the researches of Vogt. He says on this point ; — 

" A comparative examination of the analyses shows that 
3 formation of minerals in the molten mass chiefly depends 
t the chemical composition of the average mass, the minerals 
y products of the chemical affinity of the predominating 
letituents (or, in other words, the formation of minerals is 
1 on chemical mass reactions). The divergent physical 
mditions possible in the formation of slags exert only a 
mum secondary influence on the reaction, provided a 
minimum limit be not exceeded for the period of 
fystallisation," ^ 

In strong enamel slags, rich in silica {2-5 per cent.- 
Bicates), there occur, according to Vogt, as already mentioned, , 
|obuIitea and crystallites of a silicate probably corresponding 
J: the formula {fiO)^ . (Si02)3.^ 

Enstatite crystallises out from the di-silieate slags, pro- 
l the molten mass contains more MgO(4-FeO) in pro- 
brtion to CaO( + MaO) than corresponds to the molecular j 
Bitio 2-44MgO: ICaO ; on the other hand, augite is formed J 
ten the CaO exceeds the ratio I'40MgO ; ICaO. Should the I 
tne content be in excess of O'SMgO : ICaO, wollastonite, or J 
hexagonal lime silicate, is formed. (The formerl 
robably in the more siliceous slags, the latter in thosel 
poorer in sihca.) Ehodonite is formed in di -silicate : 
when the prop<irtion of MnO to E0( = CaO, MgO, FeO) is 
greater than IMnO : O'ORO ; but augite forms, when the 
e content falls below the ratio, IMnO : 7R0 with a 



' In the case of nou-Q.Iuminniis minerals, e.g. the new tetrftgonul mineral (if 
the raelt be free from alumina), thia amounta to only a few luinutes (S-7 at 
most) ; oil the other hand, several hours to days are needed for aluminous , 
miuerala in Rtrougly ahiutinous melts. 

= KO=CiiOandMgO. 
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medium content of MnO ; e.g. IMnO : 1-82EO, both rhodonite 
and augite, may be formed at the same time. 

When the composition of the slag approximately corre- 
sponds to singulo-silicate, olivine is always formed if there 
be more E0( = MgO, MnO, FeO) in proportion to CaO 
(together with Na2,OK20) than corresponds to the ratio 
lEO:110-l-20CaO.i 

Melilite, or one of the other tetragonal minerals, is 
formed, on the other hand, when the lime content is higher 
than the ratio EO : 1-2 5-1-3 OCaO.^ In the intervals be- 
tween these two limits, both adjacent minerals may be 
formed. 

The pyroxene minerals with the hexagonal lime siUcate 
are only deposited from slags that contain more silica than 

acid oxygen , 

corresponds to the oxygen ratio ^ — ; = 1*50— I'oO. 

^ ^^ basic oxygen 

The line of demarcation between the slags containing the hexa- 
gonal lime silicate and one of the tetragonal minerals appears 
to be located precisely at the stage 1*42— 1*45 of silication; 
the boundary between the augite slags and those containing 
tetragonal minerals, at the stage of silication, 1'50— 1*53; 
whilst that between the augite and enstatite slags and the 
olivine slags is at 1*55. The presence of more or less alumina 
appears to have little influence on the foregoing limits. 

The position occupied in the group of tetragonal minerals 
by the new member, comj)aratively rich in silica and CaO, 
is between the oxygen ratios 1*35— 1*50 (presumably only 
when little alumina is present) and gehlenite only when 
the slag is at once strongly basic (less than 0*8 per cent. 
of silicates) and rich in alumina. The true mehlite lies in 
the interval between the two. 

^ The former limit applies to a high content of alumina (about 20 per cent.), 
the latter for a i)ercentage of about 3 per cent. 

^ The limit varies according to the percentage of alumina. 
^ AI2O3 reckoned as base. 
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The earlier assumption that the varioiia maxima iu the 
jat of fusion coiTeapond to the above-mentioned Bilicates, 
ada a remarkable confirmation in the graphical represeuta- 
on of the foregoing mineralogical composition of slags 
i^g. 90). Our maximum temperatures coincide throughout 
ith the middle of the mineralogical groups there indicated : 
lus, for di-silieatea, in the augite and enstatite group,^ for 
lonosilicates in the melilite and olivine group. In slags 
in CaO there aeema to be also a maximum somewhere 
sar the auh -silicates in the gehlenite group. 

Ib conclusion, it is advisable to mention some more basic 
icates than those hitherto described, although they really 
Jong to the oxide slags. 

Eefiuery slags consist of fayalite, magnetite, and an 
icesa of FeO. The very basic slags are characterised 
iroughout by a high content of sesquioxides. Thus, for 
cample, spinel, EOEjOg, which invariably crystallises out 
irlier than the silicate minerals, appears ouly when the 
Ilea content is very low (to singulo - silicate), and the 
.nmina and magnesia relatively high. Spinel sometimes 
Dntains only MgO, at others also CaO ; ZnO-spinel forms 
oore readily than MgO-spinel. 

In charges containing FeO and Fe^Og at the same time, 
magnetite is readily formed when the slag itself contains 
silica (thoi^h it must not be more acid than di-silicate). 
In slags containing spinel the deposition of magnetite suc- 
ceeds that of this mineral, hut precedes or accompanies the 
separation of the silicate minerals. Ferric oxide also readily 
with other EO bases. 
According to the researches of L. Bom'geois, lIuO can 
readily combine with AljOg, or with MnnOg. 

' Both the caloium siliuatea have the eume campasitiou, aod can therefore be 
jne group. 
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Provided the cooling be effected very quickly, an bxccbb 
of alumina prevents crystallisation (though perhaps not in 
very basic masses), and therefore produces vitreous slags. 

Sulphide in slag invariably appears as a monosulphide 
(CaS, MnS, FeS, and isomorphous mixtures of these) or 
regular crystalline habit ; in highly basic enamel slags these 
compounds appear as globulites. 

Hence, in very basic slags, the sesquioxide compomids 
— together with excess EO-bases — seem to predominate. 



CHAPTER III 

CALCULATING THE COMPOSITION OF SILICATE SLAGS 

An approximate calculation of the composition of slags can 
be made on the basis of the graphical table given in Fig. 90. 
A commencement is made with the oxygen of the silica, as 
well as all the bases (except CU2O, which seems to have 
practically no affinity for silica) ; then from the sum of the 
latter is deducted one-half of the sulphur content (correspond- 
ing to the oxygen equivalent of the ES), and from this result 

acid oxygen 

is calculated the ratio r—. : from this the composi- 

basic oxygen ^ 

tion of the slag can approximately be determined, i,e, the 

components of the mixture can be estimated. 

Should the oxygen ratio exceed 2*0, then the slag will 
consist of the silicates ESigOg and EgSigOg (probably), or ex- 
pressed in rational formulae : EO . SiOg and (EO)2(Si02)3, and 
we may state the composition as — 

xRO . SiOg + 3/(EO)2(Si02)3. 

By then indicating the oxygen of the silica by s, and that 
of the bases by &, we have — 



and — 


2x+6y = s 
x+2y = b. 


This gives — 




and — 


03= 36— s, 

803 



304 



SIDEROLOGY: THE SCIENCE OF IRON 



Example. 
Take a slag of the following composition : — 

Per cent. Per cent. 

61*16 containing oxygen 32*62 = « 



SiOg 

AI2O3 

CaO 

MgO 

MnO 

FeO 



Total 



4-43 

22-83 

10-25 

0-49 

1-28 



j> 



jy 



>> 



>) 



>« 



2-05 
6-52 
4-10 
0-11 

0-28J 



1307=6 



100-44 
Acid oxygen 32*62 
Basic oxygen ~ 13-07 



= 2-49 



y=2-6=16'31- 13-07 = 3-24 

aj= 36-s = 39-21 - 32-62 = 6-59. 
The formula expressing the composition is therefore — 

= 6-59EO . SiOg + 3-24(EO)2(Si02)3. 
Similarly, we have, for a slag intermediate between 
di-siUcate and the singulo-silicate, the formula — 

a;RSi03 + yEgSiO^ 
or— ^jEO . SiOg + 3/(EO)2(Si02), 

and further — 2x+2y = s * 

x+2y = &, 

whence follows — 'X = s — h 

s 



Si02 

AI2O3 

CaO 

MgO 

MnO 

FeO 

Total 



Example. — Composition of Slag. 

Per cent. Per cent. 

47'87 containing oxygen 25*53 = ^ 



5-37 
37-76 
7-78 
0-37 
0-72 

99-87 



>> 



>> 



>> 



j> 



n 



2-50^ 
10-79 
3-11 
0-08 
0-16J 



16-64 = ft 
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= 1-53 



Acid oxygen 25*53 
Basic oxygen 16*64 
aj = s-6= 25*53 -16*64 = 8*89 

y = J- I = 16-64- 12-76 = 3-88. 

Hence the formula is 8*89ESi03+ 3*88E2Si04. 

In the case of slags with an oxygen ratio of less than 1*0, 
and rich in MgO and AlgOg, as well as in di-silicate slags 
containing FcgOg, another method of calculation (to be de- 
scribed later) is adopted. 

When the oxygen ratio is between 1*0 and 0*5, and there 
is not more than 0*7 (MgO + MnO + FeO) to ICaO, we 
have— a<E0)3 • SiOg + y(RO\ . SiOg, 

and hence — 2x+2y = s 

3x+2y = h, 
whence follow — x = b-~s 

3 

y = 2^ - *• 



SiO. 



Example. — Composition of Slag, 

Per cent. Per cent. 

28 '32 containing oxygen 15*10 = s 



A1203 . 


. 24*24 




11*30>| 


CaO 


. 40*12 




11-46 


MgO 


. 2-79 




M2 


MnO 


. 0-07 




0-02 


FeO 


. 0-27 




o-oeJ 


CaS 


. 3-38 








Acid oxygen 


15*10 


lAQ 



23-96 = h 



Basic oxygen 23-96 
a; = 6-s= 23-96 -15-10 = 8-86 

3 

y = -s-5 = 22-65-23-96= -1-31. 

We obtain for y a small but negative value, which is 
evidently an impossibility, but indicates that this slag 
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mainly consists of gehlenite, though spinel is certainly also 
present. 

The amount of sj»inel ( RO . AUO,) can be calculated as 
follows : — 

As we have seen, tliLs slag can only consist of gehlenit^ 

and s])inel. If we represent the l»asic oxygen in gehlemt« 

f; 
by &!, then evidently ,- = 0*67, and from this the basic 

oxygen in the gehlenite works out to — 

s 1510 
^^"0-67" 0-67 - — ^^• 



(.onse^iuently the oxygen content of the spinel is — 
6 - 6i = 23-96 - 22-53 = 1-43, 
and since this mineral (RO . AlgOj) contains 4 oxygen atoms 

to the molecule — 

h — h 
spinel (RCAlgOg) = —^ = 0-35, 

whilst of gehlenite we find — 



s 
x= - = 7'55. 

The couijKjsition of the slag is therefore expressed 

l>y- 

7-55(RO)3 . SiOg + 0-35RO . A\fi^, 

With oxygen ratios below 1*0, and with over 0-7 (MgO + 

MnO + VeO) to 1 CaO, we are in presence of a mixture of 

olivine and spinel, and therefore have — 

r<KO)2Si02 + yllO . AlgOg, 

and further — 2x = s 

2x + Ay = &, 

.s 
licnce-- ^'=o 
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SiOg 

AljOa 

Ca(l 

MgO 

MnO 

FeO 



24'40 contai 



0'53 

013 
66-94 

Acid oxygen 
Basic oxygen 
13-00 



ning oxygen 13"00=s 



0'15 

trace '.17'37 = 
0-041 
H-SSJ 



x= ^ 



6-s 



6-50 
17-37-13-00 4-37 



= 1-09. 



Compoaition of slag — 

6-50(RO)2 . SiOj + 1-09EO . Al^O^. 

Now spinel consistB of EO (containing 1 of oxygen) and ] 

ijOj (with 3 atoms of 0); hence the above calculated 1-09 i 

^lecule of spinel should contain 3 X 1"09 = 3"27 per cent ^ 

IjOa, whereas only 2-30 per cent. Al^Og is actually present, i 

2-30 ' 

r can therefore only contain = 0-77 spinel, whilst 

3 rest of the basic oxygen, ie. 17-37 — 13-00 — 4 x 0-77 = 
%7-37- 1608 = 1-29, must be present as free EO-bases. 
This gives the corrected composition of the slag as — 
6'50(EO)a. SiOa + 0-77EO . ^^0^+ 1-29EO. 

It is thus evident that the spinel content in slag can be 
calculated, approximately at least, when the oxygen ratio is 
smaller than corresponds to singulo- silicate. On the other hand, 
in acid slags the spinel must be determined by direct analysis. 

It must, however, be expressly mentioned that the calculation 
gives not only EO . Al^O^, but also EO . Fe^O^ and EO . MujOg. 

With regard to the spinel content of a series of slags, the 
following tables, from the previously mentioned publications 
of J. H. L. Vogt, aro now given, in order to afford a means 
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of comparison between the calculated and the actually deter- 
mined values for this mineral : — 

Blast Furnace Slag Analyses by Muirhead.^ 



C/0iiHtitiient8. 


No. 128. 


No. 129. 


No. 130. 


No. 131. 


No. 132. 


No. ISI ■ 

1 


Percentage Composition, 

SiOa 

„ CaO 
., MgO 


24-92 
23*47 
37*32 
13*23 


28-74 
25*63 
29*40 
13*75 


27-01 
20*13 
40*93 
11*09 


26*46 
23*44 
35*50 
13*34 


1 

27*53 27-M. 
22*23 22*9S 
36*30 37*06 
13*00 12*95 


Total 


98*94 


97*52 


99*16 


98*74 


99*06 


100*58 


Spinel .... 


17*40 


17*88 


10*82 


8*18 


6-07 


9*04 


Oxygen in SiOj 
,, ,, AI2O3 
„ ,, CaO 
„ ,, MgO 


13*12 

10*94 

10-66 

5*29 


15*16 

11*94 

8*40 

5-50 


14*41 
9*38 

11*69 
4*44 


14*11 

10*92 

10*16 

5*34 


14*69 

10-37 

10-37 

5-20 


14*76 

10*69 

10*59 

5*58 


Acid oxygen 
Basic oxygen " 


0*49 


0-59 


0*56 


0*54 


0*57 


0*56 


1 MgO oxygen _ 
CaO oxygen ~ 

i 


0*49 


0-65 


0*37 


0*52 


0*50 


0*49 



These slags can therefore contain only gehlenite and spinel 
Composition of the Slac; Constituents Soluble in HCl and HF. 



In KX) Parts of SlaK. 



SiO, 
AI2O3 
! CaO' 
J MgO 



Total 



Aliiminate 



Total 



No. 1-2S. 


No. 129. 

28*74 

13*46 

27*72 

9*70 

« 


No. 130. 


No. 131. 


No. 132. 


N0.1S3. 


24-92 

11-62 

35-84 

9-16 


27*01 

13*00 

39-30 

9-00 


26-46 
17*80 
35*50 
10*80 


27*53 
18*06 
36*30 
11*10 


27*64 
16-24 
37*06 
10*60 


81-54 
17-40 


79-62 
17-88 


88*31 
10-82 


90*56 
8*18 


92*99 
6*07 


91*54 
9-04 


98*94 


97-50 


99*13 


98-74 


99*06 


100*58 



^Iroib, 15th Oct. 1880. 
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Composition of the Aluminates. 



Constituents. 



' I ' , , 

No. 128. No. 129. No. 130. No. 131. ! No. 132. I No. 133. 



In 100 parts of slag: AI.P3 11 85 

CaO . 1-48 
MgO. 407 



n 



it 



it 



)) 



12-17 
1-68 
4-05 



7-13 
1-63 
2-09 



5-64 4-17 6-69 

••• •■• ••• 

2-54 1-90, 2-35 




10-85* 8-18 



6-07 



9-04 



Per 100 parts aluminate, 



)) 



ft 



AlaOg 
„ CaO 
„ MgO 



68-11 

8-48 

28-41 



69-98 


65-88 


68-92 


68-72 


9-39 


14-96 


• • • 


• • • 


^2-63 


19-16 


31-08 


81-28 



74-00 
26-00 



Total 



. ' 100-00 100-00 



100-00 100-00 100-00 100-00 



Oxygen in AI2O3 
,, ,, CaO 
,, „ MgO 



5-57 5-72 3-35 , 265 ! 1*96 8-14 



0-42 , 0-48 : 0*47 



• • • I 



• • • I • • • 



1-63: 1-62' 0-84: 1-02. 0-76 0*94 



Oxygen in RO-bases 



2-05 2-10^ 1-31 1-02 0-76 



AlgOg-oxygen 
EO-oxygen 



2-71 



2-72 



2-56 



2-59 




Since spinel has the oxygen ratio 3 : 1, it is clear that the 
aluminates are not pure. 

Composition of Slags calculated from FoRMUL-fi already given. 



Substance. 



Gehlenite 
Spinel 



in Spinel AL^Oy 
RO 



No. 128. 



6-56 
1 -83 



5-49 
1-83 



No. 129. ; Na 130. 



7-58 
0-80 



2-42 
0-80 



7-21 
1-00 



3-00 
1-00 



No. 131. 


No. 132. 

7-35 
1-00 


No. 133. 


7-06 
1-31 


7-38 
l-ll 



3-96 
1-32 



3-02 
1-00 



3-33 
1-11 



^ Does not exactly agree with the value found direct. 



7 10-82 „ 4-5 „ 3 

„ 13 904 „ 2 „ 2 

„ 13 8-18 „ i „ i 



The accompanying table shows at a glance the equations 
employed for the calculation of the slags. 

All that now remains is to fix the line of demarcation 
between the minerals belonging to one and the same stage 
of silication, which may be a matter of importance for many 
metallurgical operations. In order to obtain as good an 

^ For tlie basis of this see Bihang till k. svemka Vet. Akad, ffandHngarf 
vol. ix. No. 1, J). IGl. 
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On comparing these figures with those obtained direct, 
we find — 

(a) All the aluminates containing CaO give throughout, in 
calculation, a smaller content of AlgOgRO. 

(h) The aluminates free from CaO give throughout, in 
calculation, a larger proportion of AI2O3 and IIO than by 
direct estimation. 

The latter peculiarity can be explained by a partial 
decomposition of the MgO-aluminate, whilst the former could 
only be explained by the presence of inclusions in the 
spinel. 

For the approximate calculation of the spinel, J. H. L J 

Vogt proposed the empirical formula ^ — 

Spinel = CX 1 - a)0(fi - 4)7(7 - 8). | 

s 
Here a indicates the oxygen ratio 7 (wherein AljO, is 

reckoned as base), /8 and 7 the percentages of MgO and Al^Oj ; 

C is a constant, and about = t"^77^* Nevertheless, as V(^ 
himself admitted, this gives somewhat unreliable results. 

Cal. Found. Cal. Found. 

about 20 17-68 about 13 6*07 

„ 17 17-40 „ 3 about 6-5 
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insight into the matter as possible, we will arrange them, 
according to Vogt, in the subjoined table : — 



•1-1 \ 



MgO 4- MnO 4- F eO 

CaO 
CaO + MgO + FeO 

MnO 

CaO 

MgO 

FeO 

MnO 



09 

m 

a 

eS 

o 

l-H 



CaO_ 
"R6" 

CaO 

RO 
AI2O3 



CaO 

RO 

AI2O3 



s 
h 



Wollast- 
onite. 



Hexagonal 

CaO- 

Silicate. 



Augite. 



Rhodonite. 



Enstatite 
(Hyper- 
sthcaieX 



<0-25 



Predominating. 
Little. 



0-50 to 1-40 I 
>3to.|{<0«*o}' 



>2-40 



I Little. 

} Predomi- 
nating. 
Predomi- , 
nating. ; 



New Tetra- 
gonal Non- 
aluminous 
Mineral : 
Akermanite. 



Melilite. 



Oehlenite. 



Olivine. 



> 1-10 to 1-20:1 {Ito1?20:l 

3 to 6 per cent. 



>1-1:1 



<1-1 : 1 



High. 



StiU a little higher. | 

Below 3 per cent. 



Somewhat 
lower. 



1-30 to 1-50 



1-30 to 0*80 



<0-80 



<l-5 



At and between the limits of two adjacent minerals both 
may appear together. 

G. Hilgen stock {loc. cit.) assumes that only the silicate EG . 
SiOg is present in slags. He says on this point : — 

" With regard to our blast-furnace slags, as we desire to 
obtain them from the large parcels of material at our disposal, 
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: generally calculate according to the formula (KO)j . SiOj, % 
: measure out the addition of lime accordingly, knowing, 
I we do, that a silicate Rlag, in whicli the total oxygen of 
5 haaes is equal to the oxygen of the silica, will possess a 
bable fusibility, i.e. is sufficiently fluid at a given tempers- J 
e ; and we do not trouble about the fact that such slagfr J 
idy contain considerable (juantitiea of ' free lime,' merely j 
wived.' Should, however, it appear that the solvent 1 
city of the elag for free lime is being overtaxed in J 
quence of an alteration in the mateiial, — the furnace ] 
mperature and the composition of the slag being otherwise 1 
, — which conilition is manifested by the qniok j 
Bidification and disintegmtion of the refractory slag, then, if 1 
I lime evil seems inconvenient, we reduce the quantity of 1 
hie (and therefore the amount of ' free lime ' in the 
f quickly as possible, though we may find later that the«l 
ppportion of EO in the refractory slag was lower than in J 
iat which was sufficiently fusible at the same temperature. | 
i the solvent capacity for free lime alone have I lieen able J 
i find an explanation of the behaviour of blast-furnace slag J 
in a number of observations. 

" Consequently the content of free lime teaches that 1 
there can be no question of the presence of a compound j 
EgSiO^ in our (lime-) basic blaat-fui'naee slags, although their I 
constitution works out approximately to (RO)^ . SiOj. 

" If from a blast-furnace slag of the following composi- 
tion— 



SiO^ U-18 per cent. 

FeO 1-H 

MnO 3'93 „ 

CaO 39-26 

Al^O^ 16'73 

MgO' 2-32 „ 

CaS 4-23 „ 
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we extract as much as possible of the free lime by means oi 
a suitable sugar solution, we obtain 37 CaO to 39 SiOg, from 
whence it follows that the quantities are fairly equivalent, 
that the silicate of our slags is- calcium silicate CaO . SiOgjand 
that it belongs to the carbon dioxide type, corresponding to 
the acid HgSiOg." 

This opinion of Hilgenstock's contradicts the finding of 
the microscope, and we must therefore examine whether his 
, reasons are forced or not. In the first place, the existence of 
both the meta- as well as of the orthosilicic acid has been 
proved, inasmuch as not only a number of silicates corre- 
sponding thereto, but also the free acids themselves, are known ; 
it therefore seems possible for slags to contain orthosilicates. 

Moreover, the conclusion that the silica in slag can only 
be in combination with lime, seems very hazardous, since 
numerous decided double sihcates are known, and therefore 
the possibility of the formation of other silicates cannot be 
disputed. It may be admitted at once that the affinity of 
silica for CaO is greater than for FeO, MnO, AlgOg, etc. ; but, 
in accordance with the law of mass, it is certain that in 
presence of all these bases the silica will not restrict itself 
exclusively to lime, but must also combine with the others, 
to an extent determined by its affinity therefor on the one 
hand, and their relative proportion on the other. Conse- 
quently the other bases cannot by any means be neglected. 

On calculating the oxygen ratio of the above slag, we 
have- 

Per cent. 
34 18 containing oxygen 18*21 = « 



e 


Per ceni 


SiO^ . 


. 3418 


i^eO 


. M4 


MnO 


. 3-93 


CaO 


. 39-26 


AI2O3 . 


. 16-73 


MgO 


. 2-32 


CaS 


. 4-23 



>> 



>> 



>> 



)) 



>> 



0-25 

0-87 

11-22 

7-87 

0-93 



2114 = 6 
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Acid oxygen 



= 0-86. 



Basic oxygen 

According to Hilgenstock, the slag must contain a silicate 
of the composition — 

SiOg . 34*18 per cent, containing oxygen 18*21 per cent. 



CaO . 31-61 



ft 



>> 



>> 



9-11 



>> 



65*79 per cent. 



wherein are dissolved- 



Free CaO 


. 7-65 


FeO . 


. 1-U 


MnO . 


. 3-93 


MgO . 


. 2-32 


AlA . 


. 16-73 


CaS 


. 4-23 



Per cent. Per cent. 

7-65 containing oxygen 2-11' 

0-25 
0-87 
0-93 
7-87 



>> 



>> 



>> 



>> 



>> 



>> 



^2-03 



>> 



>> 



whereas, according to the formulae already given, the composi- 
tion of the slag would work out to — 

8-17 (E0)2 . SiOg + 2-92 (IiO)3 . SiOg 
(leaving the formation of sesquioxide compounds out of the 
question altogether). 

According to Hilgenstock, the residue insoluble in the 
sugar solution contains — 

39 SiOa, of which 19-61 = oxygen 
37 CaO „ 10*57 „ 

whence he concludes that the same is a bi-silicate (which 
should contain, to 19*61 acid oxygen, 9*80 basic oxygen). 
Now in Hilgenstock^s reports there is a deficiency of 24 per 
cent. If we assumed the 39 per cent. SiOg of the residue to 
exactly represent the 34*18 per cent, in the slag, and that 
all the other constituents (except the lime dissolved by the 
sugar) remained in the residue, then its composition would 
be— 
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Per cent. Per cent. 

39-00 SiOg containing oxygen 19"61 



37-00 CaO 




10-57 


1-30 FeO 




0-37 


4-48 MnO 




1-28 


19-09 AI2O3 




8-98 


2-64 MgO 




1-05 


4-84 CaS 







22*26 



108-35 

As, however, the total would come to 108-35 per cent., 
there must be something more than CaO passed away in the 
solution ; and even after deducting the 4-89 per cent, of CaS, 
which would certainly be decomposed and dissolved, there 
still remain 103-51 per cent. Further, assuming — as would 
be not improbable in view of the oxygen ratio and the high 
alumina content of this slag — that magnesia is present in the 
form of aluminate, that this is decomposed by the sugar 
solution, and that the MgO is also dissolved, then the total 
would be =100*87, and we should obtain, to 19-61 acid 
oxygen, 21*20 basic oxygen. Moreover, if we remember that 
the latter still contains 3x1*05 = 3*15 oxygen from the 
alumina of the decomposed aluminate, we shall obtain the 
ratio — 

Acid oxygen 19*61 19*61 

!^9 1 .no 

Basic oxygen 21*20-3*15 18*05 ' 

which comes very near to the oxygen ratio 1:1, corresponding 
to the silicate (110)2 • SiOg. 

The behavioui' of the slag observed by Hilgenstock can 
therefore be very well explained by either regarding the 
compound (110)3 • ^^^2 as a solution of EO in (R0)2 . SiOg, or by 
assuming that the compound (E0)3 . SiOg is decomposed into 
(R0)2 . Si02 + EO by the sugar solution. 



CHAPTER IV 

PHOSPHATE SLAGS 

In this case, also, we will first devote attention to the various 
known hydrates. These are — 

di-basic or metaphosphoric acid — 

H^POs or ^yP - - H 

tri-basic or orthophosphoric acid — 

/0-H 
HsPO^ or = P^O - H 

tetra-basic pyrophosphoric acid — 
HPO or -^"^^P— 0-p/^~^ 



or- 







H - 0\p/^\p/0 - H 

H - 0/ \J:/ \o - H 

octa-basic pyrophosphoric acid — 
HgP^Oj 1 or 
H-0\ /0-H 

H-o/ \0-H 

Kosmann assumes the constitution of the calcium phosphate to be — 
Ca<^>PO-0-Ca-0-Ca-0-PO<^>Ca. 
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The only representatives known of this last acid are 
tetra-calcium phosphate found in Thomas slag, and " Wiborgh 
phosphate," Ca3Na2P209. 

The following polymeric modifications originate from 
metaphosphoric acid : — 

Metaphosphoric acid — 

>-0-H 

di-metaphosphoric acid — 

H - 0/^X0/ \0 - H 

tri-metaphosphoric acid — 

0\p/0\p/0\^0 
H - 0/ \0/5\0/-^\0 - H 



0-H 

tetra-metaphosphoric acid — 

H - 0/^\0/|\0/|\0/^\0 - H 

0-H 0-H 

penta-metaphosphoric acid — 
0\p/0\p/0\ /0\ /0\_^0 

H - o/^\o/T\o/5\o/f\o/-^\o - H 



0-H O-H 0-H 

(which has not yet been isolated), and 

hexa-metaphosphoric acid — 

H-0/^\0/|\0/|\0/|\0/|\0/-^\0-H 

0-H 0-H 0-H 0-H. 

Hilgenstock ^ was the first to prove the appearance of 
phosphoric acid in the form of tetra-basic (or, more correctly, 
octa - basic) calcium phosphate (4Ca0 . PgOg = Ca^PgOg) in 
Thomas slag. 

^ Stahl tt. Eisen, 1886, ii. 
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Stead and Eidsdale ^ found the Thomas slag of the North 
Eastern Steel Company to contain — 

1. Large well-developed crystals of (CaO)4.r205. 

2. Blue crystals of the compound CaOPgOs • CaOSiOg. 

3.. Feathery crystals containing over 86 per cent, of 
basic oxides, chiefly Ca, Mg, Fe (as ferrous and 
ferric oxides), and Mn, together with less than 4 
per cent, of acid oxides. 

4. Hexagonal crystals containing about 86 per cent. 

(CaO^. P2O5 and 10-11 per cent, of metallic-oxide 
silicates. 

5. Black magnetic needles consisting of 10 per cent. 

CaO.AlgOg, 45 per cent. (CaO)3 . FcgO^, and 33'5 
per cent. (CaO)3Fe203. 

6. Black non - magnetic crystals, of 15 per cent. 

CaO . AI2O3 and 7 3 per cent. (CaO)3 . Fe203. 
By fusing together tri-calcium phosphate (or di-calcium 
phosphate and phosphoric anhydride) with a corresponding 
amount of quicklime and a little fluorspar, Hilgenstock ^ after- 
wards succeeded in obtaining the pure compound in crystalline 
needles, corresponding to the hexagonal prisms in Thomas 
slag. Their average composition was — 

P2O5 38-51 per cent. 

CaO 60-08 „ 

SiOo 0-10 „ 

The crystals were always colourless and clear, and con- 
tained fewer inclusions than those from Thomas slag, which 
latter are invariably brown or clouded from the j^resence of 
metallic oxides. 

Whilst the phosphate in Thomas slag does appear as 
hexagonal prisms, it is chiefly in rhombic plates, as well as in 

^ Journ. Iron and Steel Inst,, 1897, vol. i. 
- Stahl u. Eiseiif 1887, p. 557. 
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small brilliant blue crystals, of diamond lustre, bdonging 
(according to Bucking and Linck^) to the monoclioic 
system. 

The serial order in which these are deposited is — 

1. Ehombic plates (deposited at the highest temperature). 

2. Hexagonal prisms (needles) (separating out at lower 

temperatures from the solution already impoverished 
of phosphates). 

3. Blue, lustrous monoclinic crystals (deposited still 

later). 

The latter crystals are accompanied by fern-like tufts of 
black crystals, which Stead and Eidsdale ^ report to consist of 
calcium ferrate and aluminate. 

This also explains why it is that no rhombic plates were 
obtained in crucible smelting tests — since here the tempera- 
ture is far below that in the converter. 

The crystals of tetra- (or octa-) basic calcium phosphate 
invariably contain large inclusions of foreign substances, as is 
shown by the following analyses : — 

A. Hexagonal Pkisms. 



Constituent. 


G. Ililgenstook. 


Stead. 


Bilcking and Linck. . 




Per cent. 


Per cent. 


Per cent. 


P0O5 . 


34-94 


33-707 


36-77 


CaO . 






57-55 


53-536 


53-51 


MgO . 








0-486 


0-40 


FeoOg 








4-857 


1-78 


FeO 






4-00 


1-286 


2-22 


MnO 








0-790 


• • • 


VO 








1-343 


• • • 


SiOo 


s 




3-24 


3-900 


3-81 


S . 








0-460 


trace 


CI. 








• • • 


trace 


AI0O3 






1 


• • • 


1-09 



StaU u. Bisen, 1887, p. 245. 



* Loc. cit. 
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B. Rhombic Plates. 


BucMng 


and Linck. 


P2O5 . . 


. 38*77 per cent. 


CaO 


. 59-53 „ 


MgO 


. trace 


FeA + AlA . 


. 0-89 „ 


MnO 


. strong trace 


Si02 


0*89 per cent. 


S . . . 


. 0-28 „ 



100-36 



C. Blub Monoclinic Crystals. 



Constituent. 


0. Hilgenstock. 


Stead. 


BUcking and Linck. 




Per cent. 


Per cent. 


Per cent. 


* 2^5 


30-85 


29-146 


31-19 


CaO 








57-60 


56-578 


57-42 


MgO 








» • • 


0-738 


trace 


Fe-A . 








• • • 


1-000 


• • • 


AlA 








• • • 


trace 


1-13 


FeO 








2-94 


• • • 


0-95 


MnO 








• • • 


0-210 


trace 


SiOo 








9-42 


10-791 


9-47 


S .' 








• • • 


0-055 


trace 



All these results correspond to the formula Ca4P209, and 
show that the crystals contain inclusions of somewhat variable 
composition. 

Mention should here be made of the so-called "retro- 
gradation" of phosphoric acid, i.e. the change of the phos- 
phates, soluble in citric acid, into an insoluble form. 0. 
Forster ^ found that Ca4P209, when heated for a short time 
to a point a few hundred degrees below its temperature of 
formation, suffered a change, inasmuch as a large part of the 
phosphoric acid previously soluble in citric acid became 
insoluble. The insoluble residues proved to be (Ca3P208)3 . CaO 
and (in presence of sufficient silica) (Ca3P208)3 . CaSi03. 

^ Zcits.f. angeiv. Chem.f 1892, p. 13. 
21 
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Whilst this conversion is of a very extensive character in 
the case of pure calcium tetraphosphate, it is limited to a 
comparatively small portion of the phosphate in the case of 
Thomas slag. Heating to redness in hydrogen produces the 
same eft'ect as in air, but to a smaller extent. In the latter 
case proljably the carbon dioxide formed in the blast flame, 
and the oxidising action of atmospheric oxygen on other con- 
stituents of the slag, have all to be reckoned with ; and prob- 
ably CaO . FeO or CaO . FcgOg is formed at the same time. 
FeS and MnO . FcgOg may also take part in the reaction 
(2CaO + 2FeS + 30 = 2CaS + FcgOs ; or 2CaO + MnO . FcOs 
+ = CaO . Fe.203 + CaO . MnOo). Moreover, not only does 
the lime separated from the Ca^PgOg enter into insoluble 
combinations, but the same is done by the pre-existing free 
lime present. 

The remaining constituents of Thomas slag will be dealt 
with under the oxide slags. Meanwhile it will be suflScient 
to point out that the calculation of the composition of this 
slag is performed by first reckoning up the calcium tetra- 
phosphate from the phosphoric acid found, the remainder 
being then calculated as silicate or oxide slag. 



SiOo 

AI.,03 

Feb 

MnO 

CaO 

M2O 



Examples. 

(a) Basic Martin Furnace Slag, 

Per cent. Per cent. 

13*90 containing oxygen 7*41 = s 



2-30 

2-80 

24-62 

10-41 

39-50 

5-76 



>> 



>> 



>> 



>> 



>> 



>> 



1-30^ 
1-31 
5-47 
2-34 
11-27 
2-30 



V 



The 1-30 of the P2O5 corresponds to 1-30 x 0*80 = 1-04 

1*04 
oxygen in lime (which together give =0*26 mol. Ca^PgOg). 
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Hence, after deducting the oxygen in the calcium phosphate, 



we have- 



Oxygen in SiOg 

AI2O3 

FeO 

MnO 

CaO 

MgO 



Per cent. 

7-41 = « 
1-31 
5-47 
2-34 
10-23 
2 -30 J 



21-65 = 5 



= 0-34 



MgO + MnO + FeO ^ ^.^^ 
CaO 

On calculating the whole of the alumina to spinel, we find 

the composition of the slag — 

0-26 mol. Calcium phosphate (Ca^PgOg). 
3-71 „ OUvine (RgSiO^). 
0-44 „ Spinel. 
12-48 „ Free RO-bases. 





{^) 


Basic Martin Furnace 


Slag. 






Per cent. 


Per cent. 


SiOo 




. 13*97 containing 


oxygen 7*44 


1^20; 




. 1-83 


103 


A1003 




. 5-17 


2-43 


Feb 




. 20-61 


4-58 


MnO 




. 12-12 


2-73 


CaO 




. 40-26 


11-50 


MgO 




• 6-44 


2-58 



The 1*03 oxygen in PgOg corresponds to 0*82 of lime oxygen 
( = 0-21 Ca^PgOg), thus leaving- 
(.)xygen in SiOg 



Al,03 

Feb 

MnO 

CaO 

MgO 



s 



= 0-27 



Per cent. 

7-44 = s 
2-43^ 
4-58 
2-73 26*86 = ^> 
10-68 
6-44 



MgO + MnO + FeO , ^o 

c^o = ^'--^- 
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Thus, taking the same view as before, this slag would 
consist of — 

0*21 mol. Calcium phosphate. 



3-72 

0-81 
16-18 



99 



>l 



>) 



Olivine. 

Spinel. 

Free RO-hases. 



(c) Basic Martin Slag low in Phosphorus. 

Per cent. Per cent. 

SiOg . . 23-77 containing oxygen 12 66 



P2O5 
AI.P3 

Fe^O., 

FeO 

MnO 

CaO 

MgO 

S . 



0-379 
1-34 
2-59 
14-24 
29-06 
11-22 
16-90 



>» 



j> 



)> 



)> 



>i 



>) 



>> 



>> 



99 



99 



>> 



i» 



>> 



0-213 

0-63 

0-77 

3-16 

6-46 

3-21 

6-76 



0-175 (assumed to be combined with Ca). 



To this 0*213 1*2^5 = oxygen corresponds 0*16 lime 
oxygen, and there therefore remains — 



Oxygen in SiO.^ 
Al.,( )3 
Fe.'! )3 
FeO 
MnO 
CaO 
MgO 



8 



= 



Per cent. 

12-66 = 5 

0-63^ 

0-77 

3-16 

6-46 

3 05 

6-76J 



20-83 = h 



61 



MgO 4- MnO + FeO 
CaO 



Tlie slag therefore consists of- 



= 5-37. 



0*04 mol. Calcium phosphate. 
6-33 „ OHvine. 
0*47 ,, Spinel and magnetite. 
5*29 ,, Free RO-bases. 



>> 
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SiO,. 

1^205 
AI0O3 

FeO. 
MnO 
CaO. 
MgO 

S . 



(d) Thomas Slag, 

Per cent. Per cent. 

11*71 containing oxygen 6*24 
18-15 

1-01 

2-78 

7-19 

4-05 
48-19 

6-38 

0*09 corresponding to 



J) 



)> 



>j 



jj 



>> 



»> 



>> 



5> 



)> 



JJ 



J> 



J> 



J> 



10-23 

0-47 

0-83 

1-60 

0-91-0-05 = 0-86 
13-77 

2-50 

0-05 



The 10'23 oxygen in the Pg^s correspond to S'lS in 
CaO (2*05 Ca4P209), and there then remains — 





Per cent. 


Oxygen in SiOg 


. 6-24 = s 


„ • AI2O3 . 


. 0-47^ 




Fe^Og . 


. 0-83 




FeO 


. 1-60 


11 


MnO 


. 0-86 


>±i 


CaO 


. 5-59 




MgO 


. 2-50^ 





s 



= 0-53 



MgO + MnO + FeO ^ ^.g^ 
CaO 

Hence, for the mineralogical composition of the slag we 

obtain — 

2*05 mol. Calcium phosphate. 
3-12 „ Olivine. 
0'43 „ Spinel and magnetite. 
3-87 „ Free RO-bases. 

N.B. — Strictly speaking, the calculation of spinel and magnetite 
from the total AUOy + Fe^O^ is not correct; but it can always be 
regarded as approximately so. 

In liine-free refinery slags, e.g. puddling slag, the condi- 
tions are somewhat different, the bulk of the phosphoric acid 



\ 
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being necessarily combined with other bases in the absence of 
a sufficiency of lime to take the whole. In this connection 
MnO appears to play a leading part, the analyses of three 
puddling slags prepared from the same raw materials, in 
different furnaces, giving the following results : — 



SiO., 

FeoOg 

FeO 

MnO 

CaO 

]\rg() 

.MnS 



The calculation of the ratio 



I. 

% 
16-75 


II. 
14°08 


III. 

% 
14-89 


16-00 


28-61 


17-79 


33-84 


30-93 


50-36 


26-29 


20-59 


1318 


1-34 


1-27 


0-92 


0-57 


0-49 


0-49 


4-65 


3-60 


1-90 


0-76 


0-52 


0-57 


MnO . 
..r. gives 





2^5 

5-56 



5-69 



6-90, 



the phosphoric acid content being therefore nearly propor- 
tional to the percentage of manganese. 

This Ijeconies still clearer when CaO is taken into con- 
sideration as well as MnO, the values for the oxygen l)eing 
then — 



I. 
5-93 

2-62 



11} '■'' 



II. 
4-64 

2-03 



-36/ 



III. 

"^' ^ 3-23 
0-26J 

107 



= 2-41 



2-46 
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In MnO 
„ CaO 

and the oxygen ratio in- 
MnO + CaO 

ivi; 

Should the MnO be insufficient to combine the whole of 
the 1*205, then FeO would probably come into action. 

Though it has been determined with certainty that the 
only calcium phosphate appearing in phosphate slags is 
Ca^PgOg, opinions diller regarding the FeO and MnO phos- 
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)hates ; some believe them to be tri-basic,^ and therefore 
iorrespoilding to Mn3P208 and FcsPgOg, whilst others also 
speak in favour of tetrabasic^ phosphates (Mn^l^Og and 
Fe^PgOg). Fortunately, this does not make much difference 
to the results of the slag calculations, the amoimt of basic 
oxygen corresponding to the PgOg-oxygen being found in the 
first case by multiplying with the factor 0*6, and in the 
second case by using 0*8. The number of molecules of phos- 
phate remains the same, only in the former case the amount 

left over for the silicates is a little greater. 

This will be clearer from the following example, taken 

from the first of the above puddling slag analyses : — 



Oxygen in SiOg . 


. 8-92 


per cent. 




FegOg 


. 4-80 






FeO . 


. 7-52 






MnO 


. 5-93 






CaO . 


. 0-38 






MgO 


. 0-23 






P,05 . 


. 2-62 





The 0*38 lime oxygen corresponds to 0*48 PgOg-oxygen ; 
thus leaving 2*62 - 0*48 = 2*14 PgOg-oxygen for the EO- 
bases. 

If we assume in the first place that octabasic phosphates 
are formed here, then the 2*14 PgOg-oxygen corresponds with 
1*71 EO-oxygen, and there remains — 



Oxygen in SiO., 

F O 

FeO 

MnO 

MgO 






n 



^ Or really hexabasic. 




1677 = Z/ 



8 



4 = 0-53. 



More properly octabasic. 
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From this we obtain by Ciilculation the following as tl 
niineralogical comi)()sition of the slag : — 

0*10 mol. Calcium i)hosphate (Ca^PoOy). 
0*43 „ Manganese phosphate (Mn^P.,Oy). 
4-46 „ OH vine. 
1*60 „ Magnetite. 
1*45 „ Free K(.)-bases. 

If, on the other liand, we assume the existence of 
hexabasic manganese phosphate, then the 2*14 Pg^o'^^^yg 
corresponds with 1*28 EO-oxygen, leaving — 

Per cent. 
(Jxygen in SiOo . . . 8*92 = s 

„ FeoOy . . .4-80 






FeO . . . 7-52^^7.20^ J 

MnO . . 4-65' 

.MgO . . . 0-23 

^=0-52 



giving the slag the comiK)sition- 



0*10 mol. Calcium phosphate (Ca^PoOj,). 
0*43 „ Manganese phosphate (MngPo^s)- 
4*46 ,, Olivine. 
1*60 ,, Magnetite. 



1*88 ,, Free KO-bases. 



CHAPTER V 

OXIDE SLAGS 

Very little is known as to the detaile^l conijXi<irion of the 
oxide slags. Certain it is that the ses^^uioxide leases enter 
into combination with the monoxide l^a-ses ; but wherea3 m^iSt 
observers have chosen for these comjiounds the formula 
EO . E2O3, Stead and Kidi5dale ^ assume the existence of the 
compounds GaO . ALO3 : (CaO)3 . FcjO^ and ((!iiO)Sf:J)^. As 
already mentioned, they found in Tliomas slag two structural 
elements of the following comixisition : — 

(a) Black magnetic needles, 10 j^er cent. r*aO.Al203 + 
45 per cent. (CaO^jFejO^ + SSo (CaO^j . FeaO^. 

(b) Black non-magnetic crystals, 1 5 j>er cent. CaO . AlgOj 
+ 73 per cent. (CslO)^ . YeJ\ 

The theoretical jKjssibility of the comjxjunds KO . K2O3 
and (E0)3 . E2O3 cannot be disputed, since they may he repre- 
sented by the following constitutional formuhe : — 

= A1-A1 = 

\ / 


V 
Ca 

^''^"~ Ca/^^Fe - Fe/^'^Ca 



V 
Ca. 

^ Stahl u. Eisciiy 1887, p. 557. 
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Finally, the constitutional formula — 



\/ \/ 
Ca Ca 

can be laid down for the presumptive compoimd (CaO)3 . Fe304. 
It is therefore c^uite possible that — as in the case of spinel, 
etc. — only the compound KO . E2O3 really exists, but is able 
to crystallise with excess of liO and EgOg, this latter 
assumption being supiK)rted by the parallel cases of natural 
magnetic ironstone, etc., wherein both monoxide ])ases and 
sesquioxide bases are found in excess. 

To decide these questions necessitates thorough investi- 
gation, especially of the fusion curves of this class of slags. 
In the meantime it suffices for practical purposes to regard 
these slags as mixtures (or solutions) of EO . EgOg and 
EO (or E0O3). 

Of course the slags may also contain small (j^uantities of 
phosphates, sulphides, and fluorides. 

A special class of oxide slags occurs under certain 
circumstances in the form of inclusions in iron alloys. 
A characteristic feature of these bodies is their poverty 
in sesi^ui oxides (apart from the accidental presence of 
alumina), the cause of this being that these oxides are at 
once reduced to the state of monoxides by the adjacent 
excess of metal. 

These inclusions consist of a mixture of monoxides with 
silicates and liuorides, tliough, under certain circumstances, 
the silicates are verv much in tlie backjrround. Of course 
phosphates may also be present. 

Examples of the composition of such inclusions are con- 
tained in the following tables : — 
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Constituents. 


I. 

1 


II. 


III. 1 


IV. 1 

1 


V. 




0/ 

/o 


% 




1 

% 


% 


SiOo . 


6-01 


8-33 


10-0 


21-44 


27-81 


I>.,0„ . 






• • • 


• • a 


• • • 


0-54 


0-84 


-A.I2O3 






0-49 


• • • 


trace 


0-83 


0-28 


:B'eO . 






29-27 


• • • 


22-60 


24-25 


17-19 


IVInO . 






59-65 


59-61 


67-36 


24-73 


24-71 


CaO . 






0-91 


• • • 


• • • 


17-24 


14-41 


^gO. 






0-33 


> • ■ 


• • • 


9-58 


19-21 


:Mn . 
S 






2-16 
1-26 


• • • 

• • • 

■ 


1 3-10 


1-02 1 


0-24 
0-14 


{ Total 


• 


100-08 


103-56 


99-63 


104-83 



iV.jB. — The considerable divergence from 100 in several 
of the analyses is due to the extreme smallness of the samples 
available for examination. 

The oxygen content of the above slags is given 
below : — 



Oxygen in— 


I. 


n. 


III. 


IV. 


V. 


SiO.2 


0/ 

/o 

3-20 


% 

4-44 


% 

5-33 


% 

11-42 


% 

14-81 


P2O5 . . . 








• • • 


• • • 


• • • 


0-30 


0-47 


AI.P3 . 








0-21 


• • • 


trace 


0-39 


0-13 


FeO . 






6-50 


I • • 


5-02 


5-39 


3-82 


MnO . 






. 13-44 


13-43 


15-18 


5-57 


5-56 


CaO . 






. 1 0-26 


• • • 


• • • 


4-93 


4-12 


MgO . 






. : 0-13 

1 
1 


• • • 


• a a 


3-83 


7-68 


CaO in phosphate 


1 

1 
• • j • • • 


• • • 


• • • 


0-24 


0-38 


Equivalent to the S 


0-63 


a a • 


0-56 

20-20 

0-26 


0-19 


0-07 

20-93 

0-71 


Available basic oxygen 


L 


20-54 


• • • 


19-87 
0-57 


Oxygen ratio of the sil 


icate 


• 


p 

0-15 


1 

• • • 



From which the composition of the slag works out 



to- 
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Mol. 



Olivine 

Calcium pliosnliate 
Manganese suliJiide 
Free RO-l)ases 



I. 


II. 


i III. 

1 


IV. 


3-20 


4-44 


% 

/O 

5-33 


o- 

/r 

11-42 


• • • 


t 


• • • 


0-06 


0-63 


1 


0-56 


0-19 


17-34 


? 


14-97 


8-45 



/o 

14-81 
0-10 
07 
6-12 



The following slag from Soalving Pits is not devoid of a 


certain interest :— 


• 






Per cent. 


Per cent. 


Si(J., . 


3-14 containing oxygen . 


. 1-67 


P2O5 . 


. 0-068 




. 0-039 


Fe^C), . . 


24-77 




. 6-83 


FeC) . 


. 68-31 




. 1518 


MnO . 


. 1-047 




. 0-232 


CaO . 


. 103 




. 0-294 


MgO . . 


0-83 „ „ . 




. 0-332 


S 


0*021 corresponding to oxygen 0-0105 


s 


1-67 
tage of silication = 90.73 ~ 0*07. 




From this tt 


le composition of the slag 


works out as 


follows : — 




Per cent. 


Manganese s 


ulphide ..... 


0-011 


Calcium pho 


sphate ..... 


0-008 


Gehlenite (E 


,0)3 (SiO,), .... 


0-84 


Magnetite . 


• ••••• 


1-71 


Free RO-bas( 


BS . 


• 


13-48 



In conclusion, reference should be made to the relation 
existing between slags and fireproof materials. The former 
are comparatively readily fusible mutual solutions of several 
very refractory bodies ; consequently fireproof materials may 
be regarded as the more refractory members of the slag series. 
This purely theoretical aspect of the aforesaid relation has, 
however, its practical side, since it leads to the rule that, in 
selecting fireproof materials for building furnaces, choice 
should fall on such as are the least, if at all, soluble in the 
slags to be produced in the furnaces in question. 



APPENDIX TO PAGES 226 and 233 

The recently published researches of Bakhuis and EGozeboom ^ 
have led to a modification of previous opinion, inasmuch as, 
on the basis of Eothmund's formula,^ they furnish another 
deduction for the molecular dimensions m of the dissolved 
carbon. The Eothmimd formula runs — 

1 """ 2 

^0 — ^1 = E - , 

tQ being the fusing point of iron, t^ the lower temperature at 
which a melt with q per cent, of C deposits solid crystals 
containing c,^ per cent, of 0. The crystals here implied are 
those first formed, or, in other words, those which at t^ may 
be in equihbrium with the melt c-^, 

E is the constant of depression, which is equal to 

0-02 T2 

— :^ — , wherein T= 273 +^o, and W is the heat of fusion 

in calories per unit of weight. In the deposition of pure iron, 
E is the depression through 1 mol. carbon dissolved in 100 
grms. iron. All the published calculations suffer from the 
defect that the value of W is not exactly known. If, like 
other workers, we take it as = 20 calories, then E = 3273". 

Now the curve AB (Fig. 58) appears to be straight from 
1600° to 1250° C. If, then, the still undetermined curve 
(for the solid bodies depositing at the various temperatures) 
to 1250° is also straight, it follows that the carbon has 

^ Zeits. f. ])hys, Chemie^ xxxiv. (4), p. 479. 
2 Ibid.y xxiv. p. 705. 
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the same molecular dimensions both in solid and liquid 
solution, and the value can be calculated thus: — 



/?i = E 



q - ^2 



to - 1; 

For ^1 = 1250°, ^1 = 2'8r) per cent, (bend in the line AB), 
and if the position of the said unknown curve be^ correct (see 
Eoozeboom's treatise), 03= 1*50 per cent. Hence — 

2-85 -1-50 



^^ = ^-'^><1600 



-12o0 

and the carbon in liquid solution is monatomic. If this be 
so, it follows that the carbon in the mixture of crystals 
separating out between 1600° and 1250° is also in the 
monatomic condition. 

In this place the equation of Heycock and Neville (used 
on pp. 226 and 234) may be given in its proper form — 









0-0198 (T- 


-tf 




M 


— 


m 
w 


t 


whence the 


values 


of 


M and n 


adjust 1 


follows : — 












III. 




M. 


11. 




1-01 




21-450 


1-788 




1-52 




21-059 


1-755 




1-83 




21-264 


1-772 




2-46 




20-086 


1-674 




2-88 




19-296 


1-608 




3-52 




18-903 


1-575 




4-49 




18-617 


1-551 


Similarly, 


on p. 2; 


34 


we obtain — 

M = 298-90 
w= 6-63 





and for the carbide the formula: 1*66 Fe^iC 



THE END. 
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Alumina-lime-singulo-silicates, 294. 
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Aluminium, 150, 151. 
Amorphous carbon, 148, 154. 

solid bodies, 57. 
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82. 
Anethol, 40. 
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230. 
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324. 
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93. 
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steel, 146. 
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an<l tin, alloys of, 42. 
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35-37). 
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steel, 103 (Plate IV. Fig. 39). 

origin of, 180. 

Burnished steel, 146. 
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Calcium chloride for etching, 89. 
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carbon, 216-222. 
Carbazeic acid, 179. 
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carlion, 148, 156. 

dani}), 165. 

dry iron, 165. 

gas liberated from, 166, 16/. 

(iron) at high temperatures, 169, 

170. 

pure iron, 112-115. 

residues soluble in hydrochloric 

acid, 162. 

sej)aration of, 157, etc. 

Carbon, 144, 148, et passim. 

aniorj)hous, 148, 154. 

and manganese, 245. 

and steel, micrograph ical com- 

])ositi(m of, 132, 135. 



- carbide, 148. 

— combined, 156, 175. 

— content of martensitc, 227, 

— crystallisation of, 141». 

— disulphidc, 40. 



232. 



gra])hitic tempering, 154. 

hardening, 148, 149. 

in iron allovs, chemical comiMJsi- 

tion of, 223. 



Carbon, its proportion in varieties of 
iron, 145. 

jaire, 148. 

(temi)ering), 100, 106, 148, etc 

steel. 111. 

Carboniferous iron ti'eated with nitric 
acid, 190. 

Cast iron, 83. 

Cavities with rough surface, 100, 103 
(Plate IV. Figs. 40-43). 

with smooth surface, 100-103. 

Cement and hardening carbon distin- 
guished, 195. 

for iron, 84. 

steel, 146. 

steel, researches on, 112. 

Cementite, 100, 111, 121, 123, 157. 

chromiferous, 111. 

curve of de])08ition of, 235. 

**Chalypite," 172. 

Charcoal and iodine solution, 43. 

Chemical analysis, 2, 3. 

analysis as an aid to micrography, 

93, 94. 

composition of slag, 289. 

composition of the carbon present 

in iron alloys, 223. 

Chloral hydrate dissolved in acetic 
acid, 40. 

Chrome steel, 111. 

Chromiferous cementite. 111. 

Chromium, 144. 

in iron alloys, 271. 

Clausius' formula, 28. 

Cobalt, 144. 

" Coefficient of diffusion," 65. 

"Coefficient of distribution" ofjfsub- 
stance, 64., 

Coefficient of solubility of a gas, 45. 

*'Cohenite," 170-172. 

Cold-short grades of iron, 257. 

Coloration of iron, 91. 

of steel, 91. 

of surfaces of metals for micro- 
graphy, 85, 89. 

Composition of aluminates, 309. 

of martensite, 231. 

of silicate slags, 303. 

of steel used in experiments for 

carbon separation, 164, 165. 

Concentration, volumetric, 57. 

Concentrated solutions, 7-9. 

solutions, vapour tension of, 33. 

Concretionary structure, 98. 

Conductivity, metallic, 71, etc. 

Constituents of iron, 237. 

of slag, 298. 

of Thomas slag, 319. 

Conversion jwint of mixed crystals, 236. 
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Conversion points, 242. 

Cooling curve for tin, 58 (Fig. 27). 

of electrolytic iron, 238. 

of solid iron-carbon alloys, 235 

(Fig. 82). 

of solutions, 7, 8, etc. 

Copper, 95, 144. 

Copper-aluminium alloys, 77 (Figs. 29 

and 30). 
Copper-antimony alloys, 77 (Figs. 29 

and 30). 
Copper and lead alloys, 97, 98. 

and silver alloys, 95. 

and tin alloys, 98. 

chloride, 63. 

in iron alloys, 272. 

sulphate, 63. 

Cryohydrates or mother liquors, 10. 
Crystalline solid bodies, 57. 

white iron, 83, 93. 

Crystallisation of carbon, 149. 

of metals seen with microscope, 

95. 

of tin, 58 (Fig. 27). 

spontaneous, 60. 

Crystals and grains distinguished, 95. 

mixed, conversion point, 236. 

mixed, solidification point, 236. 

Cuprous oxide, 97. 

Curve of deposition of cementite, 235. 

Curves of solution of iron-carbon alloys, 

223 (Plate X. Fig. 82). 

Dalton's law as to solutions of gases, 
45. 

De Benneville's researches on man- 
ganese, 246-250. 

Definition of siderology, 1, 2, 3. 

De Koninck's conclusions as to iron 
alloys, 186, 189. 

5-iron, 244. 

Depositions, internal, in solid solu- 
tions, 54. 

Detonation experiments, 167. 

Diphenyl, 40. 

Diphenylmethane, 40. 

Depression in temperature of deposi- 
tion, 225. 

of solidification point of solution, 

39. 

Diamond, 148, 155. 

steel, 268. 

Dielectrical constant, 41. 

Diffusibility of one metal in another, 
measurements of, 68. 

''Division," 65. 

Dilute solutions, •])ehaviour of, 7-9. 

solutions, vapour tension of, 

25-33. 

22 



Dimensions, molecular, measurement 
by osmotic pressure, 38. 

Dissociation, iiowerof, 40. 

Dissolved carljon, e^^uatiou for mole- 
cules of, 226. 

Distillation, isothermal, 27. 

"Distribution, crjetficient of," 64. 

Donath's experiments on combined 
carbon, 177, 179, 181. 

Doable salts, 63. 

Drawing of metals, 97. 

Dry grinding, 84. 

Ei;<;EiiTz'.s normal wire, 214, 215. 

researr:h»:s on combined carbon, 

175. 

test, 175, 193. 

Electrical conductivity, 70. 

graphite, 152, 153. 

resistance, Le Chatelier's re- 
searches on, 243. 

Electrolytes, 70. 

Electrolytic iron, cooling of, 238. 

Enamel slags, 301. 

Eustatite, 138. 

in slags, 299. 

E^^uation for molecules of dissolved 
carbon, 226. 

of condition, van der "Waal, 56. 

E'^uations for calculation of slags, 
310. 

determining weight by means 

of dejiression of solidification x)oint 
of a solution, 39. 

Etch -polishing, 121. 

Etching surfaces of metals for micro- 
graphy, 85-89. 

with dilute nitric acid, 86. 

with fused calcium chloride, 89. 

with hydrochloric acid, 87. 

with iodine tincture, 88. 

Ether, 40. 

Ethyl or methyl alcohol and water, 
vapour tension of, 32, 33. 

Ethylene bromide, 40. 

Eutectic alloy, 16. 

mixtures, 10, 18. 

solutions, 10. 

Evaporation, latent heat of, 56. 

of a liquid, 55. 

Expansion, thermal, 76. 

Experiments for separation of carbide, 
157, etc. 

Fayalite, 139, 301 (Plate IX. Fig. 

72). 
Ferric chloride, hydrates of, 11, 12 

(Plate I. Fig. 2). 
oxide, 138. 
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Ferrite, 100, 107-111, 121, 123, 132, 

etc. 
FeiTO-aluininium, 99. 
Ferro-chrome, 83, 99. 
Ferro-manganese, 93, 99, 14.5, 146, 
246, etc. 

Hogg's researches on, 250-252. 

Feno- tungsten, 83, 93. 
Ferrous oxide, 301, 326. 
FeO-silicates, fusion of, 297 (Plate X. 

Figs. 90 and 91). 
Fibrous stnicture, 99. 
Fick's law, 65. 
Finery iron, 146. 

steel, 146. 

Fireproof materials related to slags, 

332. 
Flat polishing, 84, 85. 
Flexion as a test for hardness, 92 

(Plate III. Figs. 31 and 32). 
Forge iron, 145. 
Forging of metals, 97. 
Formation and fusion of slags, tem- 
peratures of, 296. 

of slags, temperatures of, 293. 

Formic acid and water, vapour tension 

of, 31, 33. 
Formula of Clausius, 28. 
Forsterite, 139. 

Fractional analysis of iron, 93. 
Fracture, intracrystalline, 110. 

intragranular, 110. 

Frictional resistance, calculation of, 66. 
Furnace iron, 146. 

slag, basic Martin, 322, 323. 

Fusing point of an alloy, 14. 

point of iron, 224. 

temperatures of slags, 293. 

Fusion of FeO-silicates, 297 (Plate X. 
Figs. 90 and 91). 

of iron-calcium silicates, 297 

(Plate X. Figs. 90 and 91). 
of solids, latent heat of, 224. 

7-iiiON, 237. 

Gas bubbles, 100-103. 

coefficient of solubility, 45. 

liberated from carbide, 166, 167. 

Gaseous mixture in molten iron and 

steel, 284. 
products of iron alloys dissolved 

in acids, 213. 
Gases and solutions, relation between, 

22. 
escaping during filling of mould, 

278-283. 

in iron alloys, 274. 

in iron alloys, Fr. C. G. Mliller's 

researches on, 275, 276. 



Gases in iron alloys, Troost and 
Hautefeuille's researches od,275. 

in steel, Zyromski's researches on, 

277. 

liberation of, in cooling iron and 

steel, 284. 

solutions of, 45, etc. 

Gay-Lussac's law, 21, 23. 

Geology, 2, 3. 

Gehlenite, 140, 298, 306. 

Gold and tin, alloy of, 35. 

dissolved in bismuth, 68. 

dissolved in lead, 68. 

I dissolved in tin, 68. 

I Grains and crystals distinguished, 
I 95. 

' Granular structure (grey iron), 98. 
1 Graphite, 100, 105 (Plate V. Fig. 45; 
I Plate VI. Figs. 46, 47, 48), 

' 123-127, 148, 150, 152, etc. 

blast-furnace, 152. 

electrical, 152, 153. 

hydrate, 176. 

natural, 152. 

oxide, 152. 

specific gravity of, 151. 

specific head of, 151. 

Graphitic acid, 152. 

tempering carbon, 154. 

Graphitite, 152. 

Great's temperatures of formation and 
fusion of slags, 296. 

Grey iron (granular structure), 98. 

microscopical investigation of, 

124. 

Grey pig iron, 145, 146. 

Grinding, dry, method of, 84. 

Hammering of metals, 97. 

Hardening and carbide carbon, author's 
researches on, 195. 

and cement carbon distinguished^ 

195. 

carbon, 148, 149, 172. 

"Hardening" or "injurious" phos- 
phorus, 266. 

" Hardenite," 117, 173. 

Hausmannite, 143. 

Heat (specific) of alloys, 80. 

Henry's law, 45. 

Hercynite, 141. 

Hexagonal prisms in phosphate slacs, 
320. 

Heycock and Neville's equation, 226, 
234, 334. 

Hilgenstock's researches on slass, 812- 
316. 

Hogg's researches on combined carbon, 
203, 204, 209. 
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logs' B researches "" ferromaiiganeae, 


Iron, cast, 88. 


250-252. 


doloratiou of, 91. 


researelies on kon alloys, IBi. 


constituents of, 237. 


Ijdratea of ferric chloride, li, 12 


crj-stalline white, 83, SO. 


(Platel. Fig. 2). 


finery, 146, 




forge, 145. 


: ofdlica, 291. 


. furnace, 146. 


lydrocarbon from carbide <.iarlwn, 149. 


— filsing point of, 224. 




gr.y, 124. 


a ooiiductor, 70. 


gi'ey (granular structure), 98. 


aoid gas (pare) m a conductor, 


ingot, 145, 146, 256, 262. 


70. 


raaugsnese, 246. 


— acid for etcliing, S7. 


meteoric, 170. 


lydrogeu, 14*. 


olivine, 139. 


— - aud iron, relation IretweeD, 287. 


■ ore, specular, 143. 


— m iron, Roberts -Austen's re- 


pudiied7l46, 258, 262. 


aearehea ou, 28« (Fig, 86). 


metals showing an ftilinity for, 




2S8. 


99. 


retained in cold iron and steel, 




2Si. 


— — reverlieratory fnrnace, 146. 




Siemens-Martin Pernot, 140. 




silicide, 254. 


Ihclusi.iks, slag, 100, 104 (Plate IV. 


telluritic, 172. 


Fig. m. 


-Thomas, 148. 


ncreasa by cooling in tensile strength 


welded. 146, 264. 


of iron, 238. 


welding wrought, 146. 


ntarior of graina, shaly structure, 96. 


B-hite, 128. 


■Internal prcasnre," 58. 


white (paving-stone struoture), 98. 


— separatious oc deimsitioBM in solid 


wire from Bofors, 214, 215. 




Isomorphic mixtures, 18. ^H 


ntracrystalliue fracture, 110. 


Jsomoriihoiia salts, 63. ^H 


ntragranular t'ractare, 110. 


Isothermal distillation, V. ^M 


odine and charcoal solution, 43. 


^M 


. tinelure for etching, 88. 


Kathions, 70. ^^M 


"lous" or nioteulea, 70. 




Ingot iron, 145, 14<i, 262, 256. 


'L.vrf.HT heat of evaporation, 68. ^^H 


steel, 145, 146. 

"Injurioua" or "liardBning" phos- 


~ licat of fusion of soli.ls, 224. ^H 


Lead and copper alloys, 97. ^^H 


: phorns, 268. 


dissolved in tin, 68. ^" 


Iron aud hydrogen, relation between. 


nitrat*, 63. 


287. 


Le Chateliar on electrical resistance, 


allotro]uc fomia of, 237. 


243. 


allovs, chemical compoiiition of. 


Le Cliatelier's researches on ollotropio 


144. 


forma, 241. 


alloys dissolved in acids, gaseous 


I.edebur "n slags, 2S9. 


jiroducU of, 213. 


Lil)eratioii of gases in cooling iron and 


. Bessemer, 146. 


Sleei, 284. 




Liebenow's tlieoi-y of meUUio conduc- 


ralcium silicates, fusion of, 387 


tion. 72, 73. 


(Plate X. Figa. 90 and 81). 


Lime, fusion of silicates of, 296 (Plate 


-carbide, 148. 


X. Figs. 86-89). 


carbide at high temperatures, 199, 


Liquefaction of a gas. 55. 


170. 


Liquid entecHo alloy, solidificaHon 
curve of, 231 (Fig. S'^). 


carhido treated with acids, 168. 


, carbon alloys, I'ooling of, 235 


mercury as an alloy, 74. 

solutions, Baoult's law for, 54. 


(Fig. S2). 


— — -carbon alloTS, curves of solution, 


sujjercooling of, 80. ^^^ 


223 (P)ate X. f-ig. 82). 


Lithar^, 242. ^^1 
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Locomotion of molecules, |)Owers of, Method of fractional analysis, 93. 
r>6. Mica, 141. 

Micrograph ical composition of sted 
Ma(;np:sia and lini(>, fusion of silicates with carbon, 132, 135. 
of, 296 (Plate X. Figs 86-89). Micrography of metals, 81. 

pyroxene, 1 38. Microlithic felt (radial white iron), 99. 

Magnetism of sub-carbide, 174. . Microliths, 98. 

Magnetite, 139 (Plate IX. Fig. 73), Microstructure of slags, 137. 



on, 



** Missing carbon," 208. 
Mixtures, eatectic, 10, 18. 

isomorphic, 18. 

Moissan's researches ou manganese, 

252. 
Molecular depression of transformation 

point, 233. 
theory of solution of gas in 

liquid, 46. 

weight and osmotic pressure, 38. 

Molecules of dissolved carbon in liquid 

steel and pig iron, equation for, 

226. 

mutual attraction of, 55.- 

lowers of locomotion of, 56. 

Molten alloys, 14. 
Martensite, 100, 115, 121, 123, 130, iron and steel, gaseous mixture 



141, 301. 
Manganese, 146, 245, et passim, 

combined with car])on, 245. 

Dc B«*nneville's researches 

246-250. 

iron, 246. 

Moissan's reseaivlies on, 252. 

OsuKmd's researches on, 252. 

oxide, 326. 

steel, 122, 246. 

sulphate, solution of, 10. 

Troost's and Hautefeuille's 

searches on, 252. 
Manganese-olivine, 139 (Plate IX. Fig. 

74. 
Manganoferrite, 143. 



re- 



etc. 
carbon content of, 227, 232. 
com])Osition of, 231. 
saturation x>oint, 228. 



in, 284. 
iron carbide, Saniter's analysis, 

232. 
Molybdenum, 144. 

in iron alloys, 272. 

Monoclinic crystals (blue) in phosphate 
sla^, 320, 321. 



Martin furnace, slag (basic), 322, 323. 

steel, 268. 

Massicot, 242. 

Measurement of weight by depression Monticellite, 139. 

of vapour tension, 39. , Mother liquors or cryohydrates, 10. 

Measurements of ditl'usibility of one Motility of molecules of metal, 66. 

metal into another, 68. Mould, gases escaping during lilb'ng of 

Melilite, 140. 278-283. 

in slags, 300. Muirhead's analysis of blast-furnace 

Melilite-Scai)olite group of minerals in slag, 308. 

slag, 140. Miiller, Fr. C. G., on gases in iron 

Mellithic acid, 153. alloys, 275, 276. 

Melting and vaporisation, similarity Muller's researches on gases escaping 



between, 58, etc. 
Mercury (liquid) as an alloy, 74. 
Metal, motility of molecules, 66. 
Metallic alloys, 2. 

conductivity, 71, etc. 

Metallography, 2. 

anatoniico-histological, 82. 

])iological, 82. 

• l)athologic'al, 82. 

Metals, niicTography of, 81. 
opacity of, 74. 



during filling of mould, 278-283. 
Mutual attraction of molecules, 55. 

NATURAL graphite, 152. 
Nickel, 144. 

in iron alloys, 372. 

steel, 122. 

Nitrates of alkali metals, 63. 
Nitric acid (dilute) for etching, 86. 
acid, its effect on carboniferous 



' iron, 190. 
showing an alKnitv for hydrogen, ; Nitrogen, 144. 

288. " in iron, 288. 

surface suitabh* for micrography, Nitrographitoic acid, 179. 

83. 
Metasilicatcs in slags, 297. Octahedral sulphur, 241. 

Meteoric iron, 170. 1 Olivine, calcareous, 139. 




manganese, 139 [Plate IX. Fig. 



(true), 139. 

Opacity of metals, 71. 

Osmoud and Werth's resmrclies, 1S2, 

183. 
Oamond'a auatenite points, 230. 

recttlescence ciirre, 239 (Plate X. 

Fig. 83). 

reHBarcliea on inanganese, 252. 

Osmotio presiiare, 19. 

preaanre and luolecnlar weight of 

dissolved substance, 3S. 
pressure of a solution i<roportional 



Palisliing surfaces of metals, 84, 

. Potassinm nitrate, 63. 
Pressure and weight of dissolved sub- 
stance, 38, etc. 

I osmotic, IB. 

' Plincep's allojs, temperatures deter- 



pressure, relation with other 

[iroperties of solutions, 25, etc. 

presaure varies as the tempera- 
ture, 21. 

Ojiide, ferric, 138. 

graphite, 1 5S, 

^ hyilrogranhite, 153. 

pjTogralibite, 153. 

8la^ 290, 329. 

Oxygen in iron alloys, 14i, 272. 

— — in silica, 303. 



__ ..._ . I, hydrogen dissolved in, 53. 
Pathological metallography, 82. 
Paviug-Btone structure (white iron), 98. 
Pearlite, 100, 118 (Plate VIII. Figs, 
56, 37), 121, 123, 13S. 

granular, 119. 

■ seaty or Iftinellar, IIS. 

Peltier effects in alloya, 73. 
Phenol, 40. 

" Phenomena of adsorption, " 43. 
Phosphate and phoaiihide, 257. 

slags, 317. 

— - slags, blue monoelinio crystals in, 
320, 321. 

slags, hexagonal prisms in, '320. 

- — - slags, hydrates of, 317. 

slags, rhombic plates in, 320, 321. 

Fhosphatic slags, 290. 
Phosphide and phosphate of iron, 257. 
" Phosphide ■■phosphorns, 268. 
Phosphoric acid, retrogradation of, 321. 
Phosphorus, 111, 151. 

author's researches on, 258-26". 

in iron alloya, 256. 

Pig iron, pitssim. 
Platinum dissolved in lead, 68. 
. Pleonaiit. 141. 

Polishing, relief, 121. 



mined \Fith, 2 
Prismatic sulphur, 241. 
Products, Beasemer, 278. 
^— Thomas, 281. 
Proiiertics of Bolntions, their relation 

to osmotic pressure, 25. 
Proportion of carbon in iron, 145. 
Propyl alcohol and water, vapour 

tension of, 32, S3. 
Prost'a researches on iron aUoys, 18E, 
188, 189. 
' Puddled iron, 116, 2.')8, 262. 
' Puddling slag, 325. 
I Fyrogiaphite oiide, 153. 
' Pyroxene group of animaU in slag, IST.. 
magnesia, 138. 

Radial agglomei'stion.'^, 98. 

white iron (mierolithif felt], 99. 

Kaoiilt's law for liquid solutions, 51. 

Beealeseence curve of Osmond, 239 
(Plate X. Fig. 83). 

points, 181. 

Keiinery iron, 256. 

slags, 301. 

Eelation between gases and solutions, 
22. 

' betiveen iron and hydi'ogpn, 287. 

I Belief polishing, 81. 85, 121. 

Resistance to Hcratchina, 91, 92. 
I " Retrogradation " of phosphoric acid, 

321. 
I Reverberator J furnace iron, 1 46. 
, furnace steel, 146. 

Bhodium dissolved in lead, 68. 



I 



Rhombic piatflsin phosphat* slag, 320, 
I 321. 
Giecke's formula, 66, 
Roberta -Austen's researches on hydro- 
gen in iron, 286 (Fig. 85). 

researcbea on temperature at 

which diifusinn occurs, 67 (Fig. 
28). 
Rolling ou metals, eiTMa of, 97. 
Roozeboom'a research ea on mixed 
, crystals, 236. 
Rothmtmd's formula for molecular 
< of disBolveil carbon, 



333, 
- law for aolid solutior 



,54, 
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Salts, double, 63. 

i8om<)rj)hou8, 63. 

Sautter's analysis of molten iron car- 
bide, 232. 

table for combined carbon, 206. 

Saturation |K)int of carl)on for iron, 133. 

IK)int in martensite, 228. 

Saccharose, 21, 66. 

Sauveur's ex|)Ofture of Arnold's tensile 

tests, 240 (Plate X. Fig. 84). 
tables for combined carbon, 207, 

208. 
Scaly or lamellar pearlite, 118. 
Si'hiitzenberger and Bourgeois' re- 
searches on combined carbon, 176, 
177, 179, 180. 
Scratching, resistance to, 91, 92. 
Seger cone, temperatures determined 

with, 294, 295. 
Separation of carbide, 157, etc. 
Shaly interior of grains, 96. 
Siderography, its definition, 1, 2, 3. 
Siemens- Martin carbon steel, 146. 

Pemot iron, 146. 

Silica, 254, etc. 

hvdrates of, 291. 

oxygen in, 303. 

Silicate slags, 290, 303. 
Silicic acid, 291. 
Silicides, 254, etc. 
Silicon, 144, 150, 157. 

in iron alloys, 254, etc. 

Silver-copper alloys, 14 (Plate I. Fig. 

3), 95. 
Silver dissolve<l in tin, 68. 

solidification of, 1 5. 

sulphide, 97. 

Slag (blast-furnace) analysed by Muir- 

head, 308. 

chemical comiwsition of, 289. 

constituents of, 298. 

constituents soluble in HCl and 

HF, 308. 
inclusions, 100, 104 (Plate IV. 

Fig. 44). 
Slags as solutions, 289. 

basic, 301. 

constitution of, 7. 

equations for calculation of, 310. 

fusing temperatures of, 293. 

Hilgenstock's researches on, 312- 

316. 

in metal silicates, 297. 

in relation to fireproof materials, 

332. 

microstructure of, 137. 

oxide, 290. 

phosphatic, 290. 

refinery, 301. 



Slags, silicate, 290. 

Vogt's researches on, 298, 812, 

etc. 

Vogt's table of, 142 (Fig. 79). 

Sodium chloi-atc, 63. 

sulphate, 63. 

tartrate, 21. 

Solid bodies, amorphous properties of, 
I 57. 

bodies, crystalline properties of, 

57. 

solutions, 48, etc. 

solutions, Rothmund's law for, 

54. 

, solutions with internal deiHwi- 

{ tions, 54. 

' Solidification curve of the liquid eu- 
tectic alloy, 231 (Fig. 82). 

of silver, 15. 

point of a solution, depression of, 

39. 

, i>oint of mixed crj'stals, 286. 

, Solids, latent heat of fusion of, 224. 

; vajiour tension of, 29. 

. Solubility, theory of, 55, etc. 

; of an alloy, 14. 

I Solution, aqueous, 7. 

I curves as basis for deduction of 

weight, 233. 

of antimony in tin, 53. 

of carbon in iron, 129 (Fig. 58). 

tension of, 61. 

Solutions and gases, relations between, 
22. 

concentrated, 7, 9. 

concentrated, vapour tension of, 

33. 

cooling of, 7, 8, etc. 

dilute, 7, 9. 

dilute, vapour tension of, 25-33. 

different varieties of, 16, 17. 

eutectic, 10. 

of gases, 45, etc. 

solid, 48, etc. 

slags as, 289. 

supersaturated, 61. 

their properties related to osmotic 

pressure, 25, etc. 

with only one volatile constituent, 

25 (Plate I. Fig. 15). 

\nth two volatile constituents, 

25, 31. 

Solvent, vapour tension of, 25. 

Sorbite, 100, 119, etc. 

Specific gravity of graphite, 151. 

heat of alloys, 80. 

heat of graphite, 157. 

Specular iron ore, 143. 
Spiegeleisen, 146, 177, 267, 268. 
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Spiegeleiseu, figures on, 89-91. 102 

(Plate IV. Fig. 38). 
Spinel, 141. 

in slags, 301, 306. 

zinc, 141. 

Si)ontaneous crystallisation, 60. 
Stalky structure of iron allors, 99. 
Steel, 262. 

acid Bessemer, 267. 

and carbon, micrographical com- 
position of, 132, 135. 

annealed, 116. 

basic Bessemer, 267. 

Bessemer, 146. 

burnished, 146. 

carbon. 111. 

cement, 146. 

cement, researches on, 112. 

coloration of, 91. 

- diamond," 268. 

- finery, 146. 

- ingot, 145, 146. 

- manganese, 122, 246. 

- Martin, 268. 

- nickel, 122. 

- reverberatory furnace, 146. 
-scorched, bubbles on, 103 (Plate 

IV. Fig. 39). 

- Siemens- Martin carbon, 146. , 

- welded, 145, 146. 
white, 146. 
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Stochiometric conditions, 10. 
Subcarbidfe, 173. 
Sugar solutions, 21. 
Sulphur, 144. 

in iron alloys, 270. 

octahedral, 241. 

prismatic, 241. i 

Supercooling of liquid, 60. 
Supersaturated solutions, 61. 
Surface of metals suitable for micro- : 
graphy, 83. ' 

Surfaces, etching for micrography, 85- 

89. I 
of metals, coloration of micro- i 

graphy, 85, 89-91. ! 

Tellitritio iron, 172. 
Tempering carbon, 148. 

carbon, graphitic, 154. 

Temperature of converaion, 242. 

of deposition, depression in, 225. 

Temperatures of formation and fusion 

of slags, 296. 

of formation of slags, 293. 

of slags detemiined with Princep*s 

alloys, 293. 
of slags detennined with Seger 

cone, 294, 295. 



Tensile strengtii of iron increased l^y 
cooling, 238. 

tests bv Sauveur refuting Arnold, 

240 ('Plate X. Fig. 84;.. 

** Tension of solution." 61. 

Tephroite, 139. 

Thermal expansion, 76. 

Thiophene dissolved in Wnzol, 53. 

Thomas iron, 146. 

pi-oducts, 281. 

slag, constituents of, 319, 325. 

Tin, 144. 

and bismuth, alloys of, 42. 

and gold, alloy of, 35. 

crystallisation of, 58 'Fig. 27\ 

Titanium, 144. 

in iron alloys, 272. 

Transformation jwint, molecular de- 
pression of, 233. 

Troostite, 100, 121. 

Troost and Hautefeuille on gases [in 
iron alloys, 275. 

Troost's and Hautefeuille's researches 
.on manganese, 252. 

Truss-iron, 146. 

Tungsten, 144, 157. 

borate, 271. 

in iron alloys, 272. 

Vanadium, 144. 

YsLii der WaaFs equation for Boyle's 
and Gay-Lussac's laws, 23. 

equation of condition, 56. 

Van't HofTs equation, 225. 

Vaporisation and melting, similarity 
between, 68, etc. 

Vajwur tension of concentrated solu- 
tions, 33. 

tension of dilute solutions, 25- 

38. 

tension of ethyl or methyl alcohol 

and water, 32, 33. 

tension of formic acid and water, 

81, 33. 

tension of propyl alcohol and 

water, 32, 33. 

tension of solids, 29. 

tension of solutions with two 

volatile constituents, 31. 

tension of solvent, 26. 

Volume of alloys, 79. 

Volumetric concentration, 57. 

Vogt's researches on slags, 137, 298, 
312, etc. 

table of slags, 142 (Fig. 79). 

Von Jiiptner's deductions on combine<i 
carbon, 210, 211, 212. 

researches on haixlening and ear- 
bide carbon, 195. 
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Von Jiiptner's rosearclies on phos- Wliite iron, radial (microlithic felt), 99. 

plioms, 2r>8-267. pig iron, 145, 146. 

! steel, 146. 

Wehjht determined from curves of Willemite, 141. 

solution, 233. Wire, Eggertz's normal, 214, 215. 

nieasurtM.1 by depression of vapour , WoUastonite, 139. 

tension, 39. in slags, 299. 

AVelde(l iron, 145, 264. , Wrought iron, welding, 145, 146. 

steel, 145, 146. i 

Welding wrought iron, 145, 146. i Zinc, 144. 

White iron (paving-stone structure), spinel, 141. 

98, 126. Zyi'omski on gases in steel, 277. 



PRINTED BY MORRISON AND OIBB LIMITED, EpIKBUROU 



Cataloouc 



SCOTT, GREENWOOD & CO.S 

Opeeial 0eednieal iX/orks 

Manufacturers, Prufessional Men, Students, 
culleces and technical schools 





BY 


EXPERT WRIT 
NDEX TO SUBJECTS 


ERS 




























Paper-pulp Dyeing... 








Dyera' Materials M 


PetrBleum"^ ... ■„. 








Bnameiling Metil ... il, 22, M 


Pigments, Chemistry u 








Enamel. 21 




30.31 








Porcelain Painting... 








Evaporating Apparatua ... 14 


Pottery Clays 








E.,=7nal Plumbing 30 




is, 18 


Ani^-doiTDBive Pauits 




Fats 2.3 


Potlel? rS«? "" 
Powei-loom Weaving 


... IS 


Arch: bee lural Pottery 




Gas Firing 30 


... a 


ArtiHci.L Perfume..,. 






Preairved Foods ... 








Glass Painting 13 


Recipes for Oilmen, etc 


'.'.'. 10 


Bie^hing :;■. ::: 




Glue Making 11 


Resioa 




Bone Products ... 




Glue Testing B 






Brick-making 
Crpe. V^ Printing 




G«a«. ....2,< 


Rlvetting China, etc. 


Z 19 


■■■?7 


HopsT. ."'"" W 


KS.IfiS'*. 


...13 


c™mic Books .„ 




Hot-water Supply S2 


Silk Dyeing 




Ch»n™l 








Z. SD 








Snaps 


... 1 


ig^SSr-* 


".'. ZD 




Spinning 


... 28 






Staining Marble, Bone. 


CoaMuil Firing ... 


'". 30 






... 3S 


Cokwr Matching ... 






Stea^' Drying Z 


... U 


Colliery Recovery Wo 


k™ V3 


Lake Piementa ... a, 10 


Sweetmeats.". ... 






Lead and Its Compounds... 12 






gSSSJ-::^ 




LeadOrM 13 


Tes^gPabt' Material 






Leather Industry IS 


Testing Yam. ... 


Zn 


Combing MKbines... 




Leather-working Materials 14 


Textile Fabrics ... 


22-38 


CtmdeiuringSppir-Cto 






Teitile Materials ... 






Lubhoiting Oils '.'.'. '.'.'. 4 




Z. 84 










... 8 


coti™ l^ng :;: 


... 2B 


Mineral Pigments 10 


Vegetable Fats ... 






28, W 


Oil and Corour Recipes ... ID 






Ihmpne»L in etiiMinga 


...35 


Oil Boiling K 




\Jm 


Decofstrng Pottery 




OilReBning S 


or 


... to 






Oils 2.4,7 


Wood 


33,34 


Decorative Tex ti lea 


... n 


O^one, Industrial Uae of... 10 


Wood Waste Utilisatio 










Wood Dyeing 


""!3S 


Drying Oik 


Z 7 


pai"l'MaSl™cture::: ::: la 


Wool Dyeing 
X-Ray *oS 
Yam Number, ng ... 


... 117 


Dryios »itt. Air ... 








Dyiing .Marble ... 


'"■^'^ 


Paint-material Tesiikg ::: 6 


Yam Testing 


:::22 



SCOTT, GREENWOOD & CO., 

19 LUDGATE Hill, London, E.C, 

), LONDOH ". Te 




Books on Oils, Soaps, Colours, 
Chemicals, Glue, Varnishes, 

etc. 

THE PRACTICAL COMPOUNDING OF OILS, TAL- 
LOW AND GREASE FOR LUBRICATION, ETC. 

By An Expert Oil Rhfinhh. 100 pp. 1898. Di;my8vo. 



d Culuniei 



; Other Countr 



■ictly n 



IV., Coraj 



.ubrication.— II., Hyrociu-bon Oili 
- ., iomooana OII>.~V.. Veeetabli 01li.~Vr. La 
SoUdlfiid OIU and Petralcum Jelly.— VUl.. Machinery Q 

friction.— IX., CluilylnK ■nd UtHlHtlon ol Wuts Pati. , 

DriOaliits ol Burela and Drums. Pickings Up, Dttgt. etc.— -V, Tlie Fiilai tai 
CiMninE ol (Ml Tanks, ate— Appendix and Qeneral Information. 
Press Opinions. 



"The propertied of (bedifTerenl gi 
drying oill are carefully deacFrbed, a. 



or justly insiaffl that the peci 



Thilr 



SOAPS. A Practical Manual of the Manufacture of Etomestic, 

Toilet and other Soaps. By Georce H, Hurst, F.C.S. Illustrated 
with Sixty-six Engravings. 390 pp. 1898. Price 12s. 6d. ; India and 
Colonies. 13s, 6d. ; Other Countries, ISs. ; strictly net. 

Contents. 

Chapters 1.. Introductorv.- ]].. SOHD-niBker'a Aikallos.- [11., Soao Fate and OIIe.— 
IV, Perfnmu.- v„ W 

iwlan' of Soap-makli... , -.., 

Factory.- X., Soap Analyili.— Appendlcei 



■o tar."- 



.nScflp/owm, 









ire And il ben.-— Bradford Obiiivi'. 

ANIMAL FATS AND OILS: Their Practical Production, 

PuriScation and Uses for a great Variety of Purposes. Their Pro- 
perties, Falsification and Examination. A Handbtiok for Manufacturers 
of Oil and Fat Products, Soap and Candle Makers. Agriculturistl, 
Tanners, Margarine Manufacturers, etc., etc. By Luuis Edqar And^s. 
Sixty-two Tllustrations. 240 pp. 1898. Demy 8vo. Price lOa. 6d.; 
India and Colonies, lis.; Other Countries, 12s.; strictly net. 
Contents. 

Prepamtian of"Animel""M™nd OS*!' Mechinery?" Tallow-inelting Plant. EiiniciiDO Plant. 

te^ions, bUril^rd or'''Smeit«d Butter. Testing. ^Candl'Lash OIL Muiinn-'^llo^ Han 
FaL Ooeiae Fat. Neatsfoot Oil. Bone Fat: Bone Boiling. SteamlnK Bonee, Ealraciioo, 
Beflnrng. Bone Oil. ArtiRcial Butter: Oleomargarine, Mariarine Manufacture in Ffwci, 
Grasao'H Procesi, " Kaiser's Butler.'' Jahr A MUnzberg'a Method, Filberl'ii Prooeis, Winler^ 
Method. Human Pat. Horu Fat. Beer Marrow. "Turtle Oil. Ho^aLard: Kaw Material 

ArtiBcial Tnin Oil. Wool Fat: Properliei, Purtlled Wool Fat. Spermaceti: Euninatioii 
ol Pat* and Oil! in General. 



vorli ^"Ury ftUy 



I 



Press Opinions. 

ihoulB prove asehi\:'—M3iiluslir Guaidi'in. 

Joumal'o/lhtAmiiicati'ciuniettlS^ci^. ' 

a, beinfiinpie and dear. "-^Jbomiuf LmUhcr Rnxi'ii. 
3ok tor tbc ' fat induUry,' now a larKe obb."~N twaulle dtranUU. 
improvedformiof machinery are in all oanvi indicated* and the man^r 
n made durEng the past yeoi-a in the methods oF producing (he more 

VEGETABLE PATS AND OILS: Their Practical Prepara- 
tion, Parificafion and Employment for Various Purpoaes, their PiHjper- 
ties, Adulteration and Examination. A Handbook for Oil ManuFacturera 
and Refiners, Candle. Snap and Lubricating Oil Makers, and the Oil 
and Fat Industry in General. Translated from the German of LouiS 
Edgar Andh^s. Ninety-four Illustrations. 340 pp. Second Edition. 
1902. Demy 8vo. Price 10s. 6d. ; India and Colonies, lis.; Other 
Countries, 12s. ; strictly net. 

Contents. f i. 

Amount' o( Oil in' Seeds^^Tihirof "v^tlalil.! Fat" and 'oils," with French and Oermao 

Derived. The'PresarationoF VtgetahleFatsandOila: Storing OH Seedi : Cleaning the Seed. 
Apparatus hr Grinding Oil Seeds and Fruits. Installation at Oil and Fat Worka. Bx- 
tractian Method of Ohtsrning Oils and Fats. Oil Extraction [astallations. Preu Moulda. 
Non-drying Vegetable Oils. Vegetable drying OilB. Solid Vegetable Pats Fruits Yielding 
Oils and Pats, Wool^oruniog Oils. Soluble Oils. Trcatoieot of the Oil aPler Leaving ths 



Press Opinions. 

'™ A viluabira^d'hiilhly interesting book of reference. ■■-,«««/st(i,nng CA,«»(. 

IROK - CORROSION, ANTI - FOULING AND ANTI- 
CORROSIVE PAINTS. By Louis Ehoar A\t>£s. Sixty- 

two Illustrations. 275 pp. Translated from the German. Demy 8vo. 
1900. Price lOs. 6d. : India and Colonies, Us. ; Other Countries, 128. ; 



Hw^8ive'pai'nts^''Resul'»°Dr'l!!a^inationo°f S< 
hip's Bottoms— Anti-foul ing Compositions— Vano 
il Standard Speciflcaliona tor Ironwork Paints— 1 

Press Opinions. 



Ilngly useful record al 



. . The book is a welco 



s evidently thoroughly investigateil 
revention,-- /run onj StHl Trada 





THE MANUFACTURE OF ALUM AND THE SUL- 
PHATES AND OTHER SALTS OF ALUMINA AND 
IRON. Their Uses and Applications as Mordants in Dyeing 
and ChIIco Printing, and their other Applications in the Arts, Manufac- 
tures, Ssnilary Engineering, Agriculture and Horticulture. Translated 
frum the French of Lucien Gbschwimd. 195 IllustrationB. Nearly 
400pp. RoyalSvo. 1901. Price 12b. 6d. 1 India and Colonies, 13s. 6il.; 
Other Countries, ISs. ; strictly net. 

, .. , . Conpound* oIllieM BMili. 

lunol AloinlnlDdi Sulpfaatu and Sulphates of Iron.— CbapiEn 111., 
inium Sulphate and the Alum*.— IV., Manufacture of Sulphntcii of Iron. 

Pan III., Usee of the Sulphates of Alunlnlun and Iran. — Chapters v.. Vsa ol 
Aluminium Sulphite and Alums— Appllcat ion to Wool and Sltk— l^ln'ng and unng Aluiniiiiiiiii 
Acetatea— Employnieat of Aluminium SulpfaaU In Carboniiing wool— The Menulactiin ut 
Lake I^mantB— Manufacture of PrusiieB Blue— Hide and Leatlier Induitry— Paper Makicig- 
Hardenmg Plaitei^Ume Waihei—PrEparation of NDD-inflamtnable Wood, etc.— PuriBci- 
tlon of Waste Waiera.— VI.. Uaes and Appllcatloos of Ferrous Sulphate aad Ferric 
Salphatea.— Dyeing— Manufacture o( PigmeniB- Writing Inks- PurlRcati^n at LiehtJu)! Gu 
— Alrlculture— Calton DydnH— Diolnfectant — Purifyine Waste Liquars— Manufaclure o[ 
NoHhausen Sulphuric Acid-FertHlslng. 

Part IV., Chcmlca] Characteristics of Irou and AlumiolBn.— Aoalysli ol Vartoiu 
AIuralnouB or FerruElnousPrvdur,-ts.— Chapter VIU Aluminium.— AnalyalnEAIumlnluai 
Prodocta.-AluniteATmnma— Sodium Alumlnate— Aluminum Sulphate. C>iap<erVlII..IraB. 
—Analytical Charai^lerlallca of Iron Sails- Analysis of Pyritic Lignite— Ferrous and F»mc 
Sulphates— Roi'' Morianl— IndBH. 

MANUAL OF AGRICULTURAL CHEMISTRY. By 
Herbert Ingle, F.I.C, Lecturer on Agricultural Chemistry, the 
Yorkshire College; Lecturer in the Victoria University. 388 pp. 1! 
Illustrations. 1902. DemySvu. Price 7s. 6d. ; India and Colonies, 8s. ; 
Other Countries, 83. 6d. net. 

Contents. 
rhsMng I„ Introduction.—ll.. The Atmoaphere.— III., The Soil.- tV., The ReactiDni 
'- - — ■ lis of Soils.— VI., Manures, Natural.— VII„ Manures (coa- 

... .... „ -tUHilH of Plants.— X., The Planl.— 

—XIV.. Milk and Milh Producls.- 

LUBRICATING OILS, FATS AND GREASES: Their 
Origin, Preparation, Properties, Vses and Analyses. A HandlxKtk lor 
Oil Manufacturers, Kefiners and Merchants, and the Oil and Fat 
Industry in General. By George H. Hurst, F.C.S, Second Edition, 
Sixty-Bve Illustrations. 313 pp. Demy 8vo. 1902. Price 10s. Bd.; 
India and Colonies, lis. ; Other Countries, 12s. ; strictly net. 
Contents. 

Chapters I., InuwlUGTory. Oils and Fats, Patty Oils and Fats, Hydrocarbon Oils, Uses 
otOlls,— 11., tlydroGBrbon Oils. Distillation, Simple Distillation, Destructive Distillation, 
Products of Disllllalion, Hydracarboiu. Paraffins, OteBns, Napthenes.- lli„ Scotch Sfaak 
OUa. Scotch Sbsles. Dlslillatiao of Scotch Olbi, Shale Retorts, Products of DistUling Shales. 
Separating Products, Treating Crude Shale Oil, Reflnine Shale Oil, Shale 0(1 Stil&. Shsle 
Naphtha Burning Oils. Lubricating Oils, Wan.— iV., Patroleum. Occurrence, Geology, Ori^n, 
Composition, Bitraclion, Refining, Petroleum Stills. Petroleum Products, Cylinder Oils, 
Rusuui Petroleuni. Debloomini Mineral Oils.— V., Vagatabla and Aninal Oils. Iniro- 
duotioa, Chemical Composition of Oils and Pals, Patty Acids. Glycerine, Eatrartion of Animal 
and Vegetable Pals and Oils. Animal Oils, Vegetable Oila, Rendering, Presaina, RcflninK, 
Bleachhig, Tallow. Tallow Oil, Lard Oil, NealsToot Oil, Palm Oil, Palm Nut Oil.CocoaDul 
Oil, Castor Oil, Olive Oil, Rape and Colia Oils, Arachls Oil, Niger Seed Oil. Sperm Dili, 
Whale Oil. Seal Oil, Brown Oils, Lardine, Thickened Rape Oil.- VI., Tuting and Adultera- 
tlon of Oils. SpeeiBc Gravity, Alkali Tests, Sulphuric Acid Tests, Free Acids in Oils. Vis- 
cosity Tests. Flash and Fire Tests, Evaporation Tests, Iodine and Bromide Testa, Ebiidin 
Test, Melting Point of Pet, Testlna Machines.- VII., LubrlutlnK Oreaaes. Rosin on, 
Anthncene Oil, Making Greases, testing and Amdysis of Greases.— VI II., Lubrication. 

huslion of Oils, stainless Oils, Lubriutlon oF F.nglne Cylinders, Cylinder 'oik— Appendices. 




THE UTILISATION OF WASTE PRODUCTS. A Treatiwel 

»on the Rational Utilisation, Rei;overy and Treatment of Waate Pro- i 
ducts ot all kinds. By Dr. Theodor Kolleb, Translated from the 
Second Revised German Edition. Twenty.two Illustrations. Dtmy 
8vo. 280pp. 1BU2. Price 7s. fid.; India and Colonies, 8a.; Other 
Countries, Hs. 6d. ; strictly net. 
Contents, 
IntroduciidB.— ChapiErsL.Thc Waitc of Towns.— II., Ammonia and Sal-AmmoaUc— 
Balionll ProciMM (of Obtuining Ihe« SubUanccB by Trwiliig KmJum and Wniits.— Ill,, 
Ruiilun in the Manufecture ot Aniline Uy*".— IV., Amber Waste.— V., Brcwei^' Waite.— 
VI., Blood and Slaughter- Hou« Refuse.— VII., MunuhciurKl Fuelt.— VIJL., Wh.w l^iptr 

wliM!^5ciu*D*ers^iKi« Wii«^-3Sl7. Fat 'fr^ wi^e.-XlvrP'S W«*e'Xxv11 
Calamine Sludge.-XVI.. Tannery Wmte.— XVJI,, Gold and SiJvar Wailt— XVUl., lodt* 
rubber and Caoutchouc Wastt-XlX., Beaidoes in the Manuhciure of Koun Oil.-XX„ Wood 
Waite.— XXII., InfuKiriRl EvtK— XXUI,. Iridiuin from Goldimilh'i 
— XXV.. Cork Waite.-XXVl., Leather Watte.— XXVIk 
Illuminaiing Oaa from Wane and the Hy-Producti of tha 
Manumiureon-oai unit— n^io.. .MeerBchuio — XXX., MoiuKI — XXXI., IVUMl Wa>».— 
XXXIU By-Hroducla in the Manufacture ot Mineral Waten.— XXXIII., Ffull.— XXXIV., 
Tbe By-Prodbcts of Paper and Paper Pulp Work!.— XXXV., ByPradueUi In th* Tmlnwnt 
of Coal Tar Oila.-XXXVl., Fur Waste.— XXXVII., The Waste Matur Id the Manutuctura of 
Parcbmeni Papef.- XXXVIII.. Mother of Pearl Waste.— XXXIX., Ptfrolcum HivdiiH.- 
XL., Platinum Residue!.— XLI„ Brnken Porcelain, Sarthenwar* aiid OlaH.— XLIU Sail 
Wa»ta.-XLI1I.. State WaBte.-XLIV„ Sulirfiur,-XLV., Burnt Pyri(e..-XLVI„ Silk W»t«. 
XLVII., Soap Makers' Wane^XLVIIl,, Alkali Waite and the Kecovenof Soda.— XLIX., 

Ll^Stearic Acid.— Ll7." Vegetable Ivory Waite.- LIU., Turf.- LIV„ Waile W^tera trf Cloth 
Factories.— LV,, Wine Residues.— LVI..Tinplate Wane— LVII,, Wool Waate.-LVlIl., Wool 
Sweat.— LIX., The Waste UquidB from Sugar Works.— I nde>. 

AMMONIA AND ITS COMPOUNDS : Their Manufacture 
and Llaes. By Ca.mille Vincent, Professor at the Central School of 
Arts and Manulactures, Paris. Tranalated from the French by M. J. 
Salter. Royal Bvo. 113 pp. 1901. Thirtv-two llluatrationa. Price 
58.; India and Colonies, 5a. 6d,; Other Couritriea, 6b. ; strictly net. 
Contents. 

Chapters t., Qenerai Conilderitloiu : SectiniiH I, Var 



» 



pTDdiictt Irom Sewate: Sections I. Preliminary Treatment of HxcrctH in the Sattlina 
Tank*— The LencHuchei Process, The BilaneeProoeu, The Kucnti Proceu; ^ Treaiinat ol 
the ChuiBed Liquors (or the Manufacture of Ammonium Sulphate—The PIguen Proceu and 



Apparatup, Apparatus of Margueritte and Sourdeval, Tbe L^ie Apparatus, Apparal 
Ud Muh^ Apparatus of Rilange, The Kuentz Process, Process and Apparatus ol nenneoutte 
and De Vaur«al: U. Treatment of Entire Se^-ajie-Chenlet's Apparatus. Paul Malkit's 
AppuratuB, Leneauchei'B Apparatus. Ill,, Bxtnctlon of Ammttnla Irom tiae Liquor t 
BeclionsI.CIariHcationof Gas Liquon i Munufacture of Ammonium Sulphate— A, Mallst'i 
Apinratus, A. Mallet's ModlHHl Apparatus, Paul Mallet's Apparatus. Chivalet'« Apparatus. 
Oraaebeis's Apparatus ; 3, Coocentrstion of Gas Liquoi^Solviy's Apparatus, Kuenls's 
Apparaius. a riioetaerg's Apparatus. IV.. Manufacture ol Ammoniacal Compoundi Irom 
BoDM, NnroEeaDus Waste, Beetroot Waab and Peat: Sections I, Ammonia from Hemmi 
3. Ammonia from Nitrogenous Waate Materials; 3. Ammonia from Beetroot Wash (Vinnsse}! 
*. Ammonia from Heat— Treatment of the Ammoninca) Liquors. V., iViRnulBctiire ol 
CauMlc Ammonia, and Ammonium Chloride, Pbosphate and Carbonale : Sections I. 

Urine. Process ot tbe Lesage Company, Kuenti's Process; From Oaa Liquor, Engl inh Process, 
KoenU's Prticess : From the Dry Distillation of Animal Matter: From Ammonium Sulphate, 
Sublimation; S, Ammonium Phosphates; 4. Carfxinates ot Ammonium-Se^quioirbonale from 
Animal Matter. English Process. Uses. VI., Recovery of Ammonia from the Ammonia- 
Soda Mather Ltauora: Sections 1. General ConsiderBtions; a. Apparatus of SchlKsinK and 
Rolland; S. Apparatus of the Socijt* Aoonyme de I'Est.- Index. 

THE MANUFACTURE OF VARNISHES, OIL RE- 
FINING AND BOILING, AND KINDRED INDUS. 
TRIES. Describing the Manufacture of Spirit Varnishes 

and Oil Varnishes; Raw Materials; Resins. Solvents and Colouring 
Principles; Drying Oils: their Properties, Applications and Prepara- 
tion by both Hot and Cold Processes; Manufacture, Employment and 
Tcating ot Different Varnishes. Translated from the French of fi 
LiVACHE, Ingenieur Civil des Mines. Greatly Extended and Ad 



English Pra 



ginal Recipes by John 



, Lecturer on Oils, Colour; 
Street Polytechnic. Twenty-seven Hlusfratio 
189e. Price 12s. ed.; India and Color 
ISb. ; strictly net. 

Contents. 

t. Rnini : Uum R«gin>, Olw Rcsini and BiJ»n.>, Conmerc 
tion, ChunicteriHtfcs, Chemical Propertiei. Physical Propertie 

AppropriMH Solvents, Sptcial Ti^auimnt, BpECial tJie.— 11. S.. _. ._ , 

MunuSctu™, Btonge, Specikl Ui*.— 111. Colouring; Principle. (1) VeMlablE, ffl Coal T«-, 
(8) Colaured RBiiwtt, ») Colouml Olnu« unS LinDlaBHs^-Oum nunninit : Furniw, 

Bridgo, FluM, Chimney Shafts, Melting Potl, Condenaers, Boiling or Miiina Pans, '" 

Veoeta. Iron Ves»lii (Cut). Iron Vesseli (Wroughl), Inm Venefi (Silvered), Inu 
Ued), Steam Superheated Pli "" ' " 



t, 13s. 6d. ; Other Countries. 

C<>IIk- 
Natural, ArtiRdil, 



1 Plut, I 



t soiuir 



« Plant, 



VeoeU 

It, Jacketted Pans, Medinniol 
inige Plane. — -Maaufacturr, Cliaj^ 
^niber. Capal, Damaiar, SMk. 
rclia, Collodinn, Cellukad, Reiiii- 
re of Lacqiiend- — MunuCiictiire ol 
- - - - , nf Rniu. 



Oita,Sl 



ichop's tablM.— Drying Oili ; Oil CniihiBg Plant, Oil 

il Treatment □(LinBEed Oil Poppwed Oil, Wllnut Oil, Hcmpgecd 
... „ . Taj,^, (5&„,Hc Influence on Seed and OiL- 



Oil, Uim 



Tmbine,'uquid 



^e.— Ageing.— C« 
'anxiahes. — Japannf 






fDr^Bnai 



-Ind 



6il, Japanese Wt»d Oil, L _.. 

ProcHKH.— Oil Bailing: Pali Boiled Oil, Double Boiled Oil, Hartley aod Blenkiasop i 
Process.— Driers: Manufaclure, Specisl Individual Use of (I) Litharge, (!| Sugar of Lead, 
(3) Bed Lead, (4) Lead Borate, [Si Lead Linoleste, (B) Lead Reiinat*, (T) Black Oxide of 
— ■■anaancae Acetate, (91 Manaaneae Borate. (Iffi Manganese Reiinate, (111 Mm- 
:, Mixed ReainatEB and Linoteates, Manganese and Lead, Zinc Solplute, 
- -JdiHed Boiled Oil.— Wonufaaure of Linoleum.— Manufacture of 

MuHla.— AddMon 'of olu^lteiin.— Addi5on°or t^a to Oll.-^ied Prwe>se«.^^luIion m 
Cold o( previously Fused Resin.-Dii ■-■■-■ _.. . 

—Clariflcalion.— Storage.— Ag 
Japanners' Staving " 

Analysis : Prncesses, Matching.— Fail i 
Burciscs. 

THE MANUFACTURE OF LAKE PIGMENTS FROM 
ARTIFICIAL COLOURS. By Francis H. Jekmson, 
P. I.e.. F.C.S. Sixteen Coioureil Plates, Bhowing Speoimens of 
Eighty-nine ColourB, speolally prepared Irom the Recipes given 

In thB Book. 136 pp. Demy Svo. ISOO. Price 7s. 6d. ; India and 
Colonies, 8s. ; Other Countries, 83. 6d. ; strictly net. 
Contents. 

Chapteral.. IntrBduclion.— 11., TheOnwps of the A rtiflcial Colouring Mallera.— Ill„ The 
' "°- c Colour*.- v'u LalM BoKS.- VII., The Principles of Lde 



i-k' 



.—IK., O 



n, Blue 



:k Lakea.— 



Properties of I 
ishing.- XIII , 1 

■^1 viry val 



Colours in the Form of Pigments.— XI.. The Oe 
lakes I'roduced from Arliflcial Coloun.— XII., \*,^shing, Filtering and t^n- 
latching anil Testing Lake Pigments.- Index. 
Press Opinions. 



THE TESTING AND VALUATION OF RAW MATE- 
RIALS USED IN PAINT AND COLOUR MANU- 
FACTURE. By M, W. JoNBs, F.C.S. A Book for the 

Laboratories of Colour Works. 88 pp. Crown 8vo. 1900. Price Ss. ;. 
India and Colonies. Ss. 6d, ; Other Countries, 6s. ; strictly net. 



THE CHEMISTRY OF ESSENTIAL OILS AND ARTI- 
FICIAL PERFUMES. By Ernest J. Parrv, B.Sc. 

(Lond.). F.I.C., F.C.S. Illustrated with Twenty Engravings, 411 pp. 
1899. Di-my Svo. Price 12s. 6d. ; India and Colonies, 13s. &d. ; Other 
Countries, 153.1 strictly net. 

Contents. 
■ ~ " ...... ^ 11., CoropouQils occMrring 

oiii"*"''^''~~" --"-*'-"- "* 
Press Opinions. ^ 

"Mr. Parry has dam Rood Krvire in carefully oolfcoring and marahalling the resulisof the 
■■ At s-anous Iimra inoni«rilph» have been printed by individuaj wortier*, but it may aafely 

COSMETICS. Translated from the German of Dr. Theodor 
KOLLEH. Crown 8vo. 262 pp. 1902. Prite Ss. ; India and Colonies, 
5s. 6d. ; Other Countries, 6s. net. 

Contents. 

nwtics.— II., Preparation'nf PerCumes by PressuK. Distillatkin, Maceration, Absonition or Bn- 
flcursge, and Bxlrsdtiaa Metbodi— I i 1 ., Chemical ead Animal Products used in the Preparation 
of Cosmetics.— IV., Oila and Fats used m the Pr™nition of Cosmetics.— V.. General Casmetio 

Depilatofit*.— VIIl., Cosmetic Adjuncts and Specialilie*— Colourina Cosmetic Prapaiations,— 
IX., Antiseptic Washes and Soaps- Toilet and Hygienic SDaps.-3t.. Secret PtwsnitiDn* for 
Skin, Compleiion, Teeth, Mouth, etc.- XI., TesHng and Examijiing the Materials employed in 

INK MANUFACTURE : Including Writing, Copying, Litho- 
graphic, Marking, Stamping, and Laundry Inks. Bv Sigmund Lehner. 
Three Illustrations. Crown 8vo. 162 pp. 1902. Translated from the 
German of ihe Fifth Edition. Price 5a. ; India and Colonies, Ss. 6d. ; 
Other Countries, 6s. net. 

Contents. 
Chaptersl., Introduction.— n„ Varieties of Ink.— III., Writing Inks.- IV., Raw Materials oF 
Tannin Inluk— V.. The Chemical Constitution of the Tannin Inks.— VI., Recipes for Tannin 
Inks.— VII., Logwood Tannin Inks.- VIII., Ferric Inks.- IX„ Aliarine Inks.— X., Bitract 
Inks.— XI., Logwood Inks.- XII., Copying Inkt— XII1„ Heklographi.- XIV., Heklogniph 
Inks.— XV, Safety Inks.— XVI., Ink BstractB and PowdBrfc-5[VlI., Preaen-Ing iSs.— 
XVIII., Chanms in Ink and the Restoration of Faded Writing.- XIX., Coloured Inks.— XX., 

Inks.— XXV., Metallic lnk5.—XXVI., Indian Ink.- XXVII., Lilhogrsphic"[nk7ai.d Penci™ 
XXVIII., Ink Pencils.- XXIX., Marking Inks.— XXX., Ink SpeciaRties.— XXXI., Sympathetic 
Inks.— XXXll., Stamping Inks.- XXXIII., Laundry or Washing Blue.— tndei. 

DRYING OILS, BOILED OIL AND SOLID AND 
LIQUID DRIERS. By L. E. And^s. A Practical Work 

for Manufacturers of Oils, Varnishes, Printing Inks, Oilcloth and Lino- 
leum, Oilcakes, Paints, etc. Expressly Written fol- this Series of Special 
Technical Books, and the Puhlishera hold the Copyright for English and 
Foreign Editions. Forty-two Illustrations. 342 pp. 1901 . Demy 8vo. 
Price 12s. 6d. ; India and Colonies, 13a, 6d. ; Other Countries, ISs. ; 



Contents. 

Chiptrn 1.. OEnersl Chemicsl and Physiciil PraperticB of the Drying Oils ; Cou 
>ryln|i Property; Ab»nitiein of Oij'gcn; Rehaviour loninl* Mctsllic Omdes. tu^ 
>fqp< rt iM of and Methodm for obUininjI the Dry'un^ Oila,^ — ILL.^ Production of the Drying OiW 
a Bipnolon nad Bitnctlon; ReBning and Bleacbini!; Oil Cakei and Meal: The Rdnigi 
i . „V___.i . .L. „_.,.. ™.,. ™.u. „,„.u,_- dfl^nMid Oil.—— ~- ■■-- '-- -^ 







■n of D^ingOili forpiie Inthe Grinding of Pair 

Action of Air, ■ml by f 

Oil: The Manufacture of Bulled O 

wring a Good Drying Oil and its Practical Applicatiua. — V., Tbe Prnnmia 
Letterpreu. Lith«rapfa1c and Copperplate Printing, tor Oilcloth and WiMr- 
PabHa; The Manufacture orxh^ckened Lln»ed Oil, Bunt OrT; Stand Oil by Fin Hot, 
■ ted Steam, and by a Current of Air.— VI., Behaviour of the Drying Olh. and Bm 
1^1. >ow>rd( AtnuBphericlnflucncn. Water, Acldi antl Alkali e>.— VII.. Siill«l Oil SubMitula. 
— VIIL.lhe Manufacture of Solid and Liquid Drleni from Llnaeed Oil and Ro«n : Lii»r>I 
Aod Compound! of >hi Dnrr>.-IX., The Adullfra.ion and Uiamination of the Drying Oilt 

REISSUE OF CHEMICAL ESSAYS OF C. W. 
SCHEELE. First Published in English in 1786. Trans- 
lated from the Academy of Sciences at Stockholm, with Additions. 9D0 
pp. Demy 8vo. 1901. Price 5b. ; India and Colonies, 5b. Sd. ; Other 
Countries, 6s. ; strictly net. 

Contents. 

Memoir: C. W. Scheele and hl> «vrk (written for thi* edition).— Chapter 
Minirt- -" - *-^^ " "- ■■>--• ." -^ — ■■ 

ConcH _ 

—VI., On Areenic and Its Add.— Vll.. Remam upon s 

Dulc^ Via "Hitmiila!— xl.!"cheaper and" mora^Con'vEn^ 
Algarothi. — XII.. HaperimentB upon Molyhdiena. — XIII., 
Method of Preparing a New Green Colour.—XV., Of the 
UnalakedUmeandlron— XVI.. Onthe Quanlity of Pure 
Almoa^re.— XVII., On Milk and it« Acid.— XVIII., On 
XIX., On the Conalituent Paris of Lapis PonderoBUH or 
Obwrvaiion* on Ether.— Indei. 

Press Opinions. 

Invemii^tw'ofthepmentdav.''— ClrnnSaT^nlj','' "°™" '"" ° " ^ -wore 
great cheniiil." — Chrmical TradgJoHmal, 

GLUE AND GLUE TESTING. By Samuel Rideal, D.Sc. 

Lond., F.I.C. Fourteen Engravings. 144 pp. DemySvo. 1900. Price 

I0s.6d.; India and Colonies, lis. ; Other Countries. 12s. ; strictly neL 

Contents. 

Chaplenl., Conslltutlon and Propertleal DeRniUons and Sources, Gelatine, Chondria 

Varietiei.- II., Raw Material! and Manufacture : Olue Stick, Lining, Eitnietion, Wathiiig 
Anliiepllci, Varinut Processes, Cleansing, PoiVing, Drying, Clashing, etc., Seoondary Pro- 

elc., SubBtltuteH for other' Maleriala, ArtiBcial Leather and CHou'tchouc.- IV.', Qafatllic:' 
General Characters. Uquid Gelatine, Photographic Ubcs, SIk, Tanno-, Chnme and Poniw- 
ilelallne, ArtiHcial Silk, Cements, Pneumatic Tyi«, Culinary, Meat Eilnicts, lunglan. Medi- 
cinal and other Uses, Bacteriology,— V., Qluc TestlBv: Review of Procewes, Chenial 
Biaminalfon, Adulteration. Physical Tents, Valuation of Raw Materials.- VI., Conmercla 

Press Opinions. 

which manu"ct' rers, merchants slid users may study with pn>Bt:-—Bnlull TraAjoumitl. 

TBCHKOLOGY OF PETROLEUM : Oil Fields of the 

World — Their History, Geography and Geology— Annual Production 
and Development— Oil-well Drilling— Transport. By Hbnry Neu- 
eBROEB and Henrv Noalhat. Translated from the French by J. G. 
MclNTOSH. 550pp. 153 Illustrations. 26 Plates. Super Royal 8vo. 1901. 
Price 2lB. ; India and Colonies, 22s.; Other Countries, 23s. 6d. ; 



. e Petrollteroua Slrn__ 

The Geneaia or Origin of Pttroieiun.-Ul, The OU Fields o( Oalioia. their Hialori-.— IV_ 
Phyaiul Oeauraphr and OenloHr '>' 'he Oiliciin Oil Pielda.— V.. Practical Notes od Oiticiiui 
Land Law— Kcanomic Hints on Working, etc— VU Raumania— KlUory, Geography, Oenlogy. 
—VII., Petnleum in Ruuia—Hiitary,— Vm..Ruulaii Petrotcum (con/ixKed)— Oeograpby and 
Ceology of the Caucasian Oil Fields.— IX., Russian Petrot*iuii(«nil><ii<uO-—><-, The SeBondarf 
Oil Fields or Europe. Northern Germany, Alsace, Italy, eCc.—XI.. Petmleum in Frana.— XII., 
Petroleum in Asia— Tranicaipian aad TurliBStlin Territorv-Turkeatan-Penla— British 
India and Burmah— Brttiih Burmab or Lourer Burmah^Chini— Chinese Thibet— Japan, 

tSbw- PhllipplM Isles^New Z«ih.nd?-Xrv!,"ThB'uli?tid 8l'ala''af"America^Hislory.— 

other North American "otl Field"— ^VIU EaTnomic Dila oi Work' in North Anwricn.— 

Part Tli.rMetiiofta'oT Boiinji.— Chiipl 



Baca vatlons. —Chapter 



,— XXIII., Drdling with Rigid Rods and a Pree-bll— 
nbian System.— XXIV. Free-fell Drilling by Steam Power.— XXV.. Oil-well Drilling by the 
anadian Syslem.-XXVI.. Drilling Oil Wells on the Combined System,— XX VH, Com- 
irison between the Combined Fsuck Syalem and line CsnBdtan.-XXVIII,, The Ameriean 

teai^ Power!— XXX„ Botiiry''Drilling of "oil''\^'i.7 Bits!' Steei-cro»^ed'^ Took Diamond 
,anddifferentSy>temsofDr™ngoTl*WellB* ""'" " """P'" ■ ■■ mprove 

Part IV_ Accidents-— Chaptera XXXII.. Boring AccidenlB— Melhoda of prevenling them 
Methods of rtmeay.Dgthem.— XXMII.,E<iplDaives>ndthe use of the " Torpedo " Leviga- 
on.— XXXiV., Ston--— -■■' --...-.-.-— -«■-.. ^ , .J..-.. ,. :— 

i^.nn nn n «, .„« r.,.0 ™™ '""^.^iq, PndicBl Pari 

■ed in the Petroleum 1 

Press Opinions. 

DubFedly take a high plan 



A DICTIONARY OF CHEMICALS AND RAW PRO- 
DUCTS USED IN THE MANUFACTURE OP 
PAINTS, COLOURS, VARNISHES AND ALLIED 
PREPARATIONS. By George H, Hurst, F.C.S. Demy 

8vo. 380 pp. 1901. Price 7a. 6d. ; India and Colonies, 8s.; Other 
Countries, Ss. 6d. ; strictly net. 

Contents. 

The names of the Chemicals and Raw Products are arranged in ainhabctjeal order, and 

Ammonia— Amber— Animi—Araenrc— Beeswax— BenMl—Biehromales'oFpotalh and sdJu— 
Bleaching Powdei^Bone Black— Borio Aci>l— Brunswick Green— Cadmium Yellow— Car- 
bonates— Carmine— Carnauba Wai— Caustic Potash and Soda-Chrome Colours— Clay— Coal 
Tar Colours— Copal— Dammar-Drying Oils— Emerald Green— Gamboge— Clue— Glyeerine — 

Orange Lead— Orr'a White— ParafBn- Prussian Blue— Rosin Oil— Sepia— Sienna— Smalls— 
Sodium Carbonale— Sublimed White L.ead— fiulphuria Acid— Terra Verle— Testing Pigments 
— Turpentine— Ultramarine- Umbers— Verm i lionet tea— White Lead— Whiting— Z.ne Com- 
paundk — Appendin; Comparison of Baums Hydrometer and Speciflc Gravity for Liquids 



.— Appendii; Comparison of Baumd Hydrometer and Specific Gravity for Liquii 

„.g ■ than «r-.— u.... ..„ T„ki. t„. i L..:^. u„..i.. .k,- ..i.,.^,- ;._. , 

Temneralure 
£ngfish_Tahl 






Press Opinions. 

■■This treatise will be welcomed by those interested in this industry wh 





10 

RECIPES FOR THE COLOUR. PAINT, VARNISH, OIL, 

SOAP AND DRYSALTERY TRADES. CompileJ by 

An Analytical Chemist. 350 pp. 1902. Demy 8vo. Price 7g, M; 

India and British Colonies. 8s. ; Other Countries, 8s. 6d ; strictly net 

ContentSi 

CnmpiJer'* Prcfiiu, — Sections I., l^igmeiM ar Coloun For Puinti, Lithogmpiiii: aid 

Painllng, Limc-waiKing, PuiwhaRging, etc.— III,. Vsmiihes for Caach-buildm, " ' 
nuken, Wodd-warkan. Metal- warkers, PhotogniBhcra, etc- "' " ■ ~ . . 

Pol«hing, etc.— v., Perfumei.— VI.. Luhricatmg Oreimeg. C._ .... .„.„„...,. ., 

..WrHintMiu|kinB, Endorsing snd Other Ink 

Pi^pirationL-^XI, Mitcellan'eou/pniuratiMi.- 

PURE AIR. OZONE AND WATER A Practical Treatise 
of their Utilisation and Value in Oil. Grease, Soap, Paint, Glue ami 
other Industries. By W. B. CoweLl. Twelve Illustrations. Crown 
8vo. 85 pp. 1900. Price Ss. ; India and Colonies, 5s. 6d. ; Other 
Countries, 6s. ; strictly net. 

ContentB. 

ChapUFi I„ Atmoepheric Air ! Lifting af Liquids; Suction Procesa; Preparing Blown Olle: 
pRpanngBiccativcDryingOils.— II., (^preswl Air: Whitew^Kll.— 111., Liquid AJr; Retnr 
c™on.-IV., PuriHcation ot Water; Water H.r^lness.-V., Fleahina. and Bnnes.-VU Owa- 



THE MANUFACTURE OF MINERAL AND LAKE 
PIGMENTS. Containing Directions for the Manufacture 
of all Artificial, Artists and Painters' Colours, Enamel, Soot and Me- 
tallic Pigments. A Text-book tor Manufacturers, Merchants. Artists 
and Painters. By Dr. Josef Bersch. Translated from the Second 
Revised Edition by Arthur C. Wright, M.A. (Oxon.). B.Sc. (Lond.), 



formerly Assistant Lecturer and Demonstrator in Checnistrj a 
Yorkshire College, Leeds. Forty-three Illustrations. 476 pp., demy 
8vo. 1901. Price 12s. 6d. : India and Colonies, I83. fid.; Other 
Countries, 16s. ; strictly net. 

Contents. 
Iiapters I., IntrndacliBB.— II, Phyaicwcheniical Behaviour of Pigment..— HI,, Raw 
_,-,. c— ,(oyed in the Mannhiclure of Pigments.— IV., AaaiUant Materials.— V.. MeMlIic 
'" "^- Manufacture ol Mineral Pigments.— VII., The Manufacture of While 
Apparatus.— X., Zinc White.— XI, Yellow 



Compoundi.- VI.. Thi 

Leaif- VIII, Enamel White.— IX., Washing 

Mineral Pigment!.- XII., Chrome VeUow.--^l 



,— XV„ Mosiis Gold.— XVI., Red Mineral Pigmenti.— XVII- The Misu- 
lacture of Vermilion.- XVIII, Antimony Vermilion.- XIX.. Ferric Oxide Piaments— XX, 
Other Red Mineral Pigmtnta.- XXL, Purple of Cauiui.— XXII. Blue Miami PigmenlL— 
XXIII., Ullramarine.-^UllV.. Manufacture of Ultramarine.— XXV. Blue CMper PigmnH. 
—XXVI, Blue Cobalt Pigments.— XX VII., Bmaln.— XXVIII, Qraea MiBmrp>BP<H»^ 
XXIX., Emerald Green.- XXX., Verdigris, -XXX I.. Chromium Oaifc.- XXXlT 

- . - ^y (j^ 




LVl., Manjit (Indian Madder).— LVM„ Lichen Colouring Matters.- L VI 1 1., Red V, 
— LIX, The Colouring Matters of Sandal Wood and Other Dye Woods,— LX„ BI 
IJtI., Indigo Carmine.-LXII., The Colouring IVlatter of Lor Wood.-LXlII, Green uaet- 
LXIV, Bnnm Of^anic Pigments— LXV., Sap CoIours.-LXVI, Water Colour^-LXVII. 
Crayons— LXVIII, Confectionery Colours.- LXIX., The Pieparation of PigmcDK for 
PaintlBd.— LXX., The Examination of Pigments.- LXX I., Enimination ot Laliea.— LXXII, 
TheT>stinBofDye-Woods.—LXXIll.,TheDe»iBnofaColourWorks.—lJCX[V.— Commercial 
Namei of Pigmenls.-Appendix : Conversion ofMetric to English Weights and .Measures.- 
CenliRrade and Fahrenheit Thermometer Scales.- in des. 



11 

BONE PRODUCTS AND MANURES : An Account of the 

mos! recent Improvements in the Manufacture of Fat. Glue, Animst 
Charcoal, Size, Gelatine and Manures. By Thomas Lambebi, Techni- 
cal and Consulting Chemist. Illustrated hy Twenty-one Plans and 
Diagrams. 162 pp., demy Svo. 1901. Price 7s. 6d. ; India and 
Colonies, 8s. ; Ofher Countries, 8s. 6d. ; strictly net. 
Contents. 

— Treatmeni i^th Bsucoe— Beoune in Crude Fm— Aimlj'ja 

Hoad quality B»nu~MeIh<Kl of Relartinit the Banes 

Oil— Marrovr Bone»— Cocnpoaliion ol Marrow Ffll— Premier J una— Bimotis.— II.. Prop«rti« 
of Glue— <;lulin and Chandnn— Skin Glue— Liming ol Skins— Wiuhing— Boiling of SluM 
ClariHcsuion of Glue Liqunn— Acid Sleeping of Bonea— Water Syslem of Boiling Bodb— 
Steam Method of Treating Bones— Milroeen m tbe Treated Bonea— Glue-Boiling and Clin^ 
ing-Hoiue — Ptan ehowine AjTBOHcment oi Clarifying VatA — Plan thowroE Positma of Bvapof*- 
ton— DeKHpIion o( Evaporaton— Sulphurt>UB Acid Geneiatoi^-Cliir^catiDn of L>q<lor*— 
Section of Dry ing-Houie— Spec iacBtion of > Glue— Siie— Uh« and PrepintiDa and Compoai- 
lion of Size— Concentrated Siic— III., Properties of GetatinE— Preparation of Skin QldatilM 
-Washing- Bleaching—Boiling— Clariftcation— Evaporation— Drylng-BoBe Oelalioe— Sa- 
iectinfl Bonea — Crushing— DisBolving — Bleaching— .-Boiling — Propertiesof Glutinaod ChoodriB 
— Testingof Glues a^ Gelalinea.— [V., The Ooei of Glue, Gelatine and Si>e in Varinia 

rfPnodSiuffs— sSte-3e™iiiation— l^t Life.— v'l^aturalMMum— Water and SiMgeo 

Steamed Bones— Mineral Phoapha tea— English Coprolitis— French and Spaniah Phoipharilc* 
—German and Belgian Phosphates— Basic Slag-Quaaos Propei^Guano Phosphates.— Vlll., 
Mineral Manurea— Common Salt— Potash Salts— Calcareous Manures— Prepared NitKWeoDIU 
Manures- Ammoniacal Compounds— Sodium Nitrate— Potassium Nilrale— Organic IJilro- 



Superphoaph: 






1— Manutsclu e— Section of Manure-Shed- 


■First 




Floor 


Plans 


of Manure-E 




— Quality of Acid Used— His 


i^led Peruvii 


Man 


ures- Potato 






wived Boncfr 






ano-Speoial 






arden Stuffs. 




-Special Manure for Grass Lands-Special 


Tohs 




-Sub 


ai-Cane 










.—IX. 


. Analvtes of 
Fat— fieBned 




ind Pini 






rude 




Oegelaf 












Prodi 




,tash Compoi, 


rod* 


-Sulphate of Ammonia— Eatn 


ictioninVaco. 


J— Df«riptkm of a 


Vanii 


ImPan- 






:iah Gelatines compared.- Indei 

Press Opinion. 


















ook to all pe 






them 




irsofartiBcii 






mberofftimn 




1 others who 



ANALYSIS OP RESINS AND ^BALSAMS. Translated 

from the German of Dr, Karl Dietericu. Demy 8vo. 340 pp. 1901. 
Price 7s. fid.; India and Colonies, Ss- ; Other Countries, 85. 6d. ; 



Part L, Deflnitlon of Resins in General— De En ition of Balsams, and espe 

Resllu^ O^^ ^d Fatfand'oUB-^rigin. O^m-ren^^a^ Collegian of" 
stances -Classihcation -Chemical Constituents of Resinous Substances— Re 

IdenriHcation of Resin.- Melting-point— Solvenls— Acid Value— Saponification 
- '^ ' - - - - . _. . ^ — C3rlbaj|ena Copaiba 




SK J 





12 
MANUFACTURE OP PAINT. A Practical Handbook tor 

Paint Manufacturers, Merchanis and Painters. By J. Cb\ 
Smith, B.Sc. Demy 8vo. 1901. 200 pp. SUty Illustrationsand One 
Large Diagram. Price 7s. 6d. ; India and Colonies, Ss. ; Other 
Countries. 6a. Sd.; strictly net. 

Contents. 

Part l..Ch«pte™ 1., PrepuFBlion of Raw MuKnal.— H., Storrng of Raw MaterilL-LIL. 

Pan lU Chlipte™ v., TCGrindini! of White 'Leii?- VI., Grin2iig of While Zinc.-VIt, 
Ortnding oF other While Pigmenli.— VIH., Grindlna of Oxide Painth— IX.. UHndiog of Sliln- 
Ing Co!aun.-X., Orinding of Btuck Psrnta.— XI., Orixding of Chemical Colnun-Vellowi^ 
Xll.i Grinding of Chemical Cohiuri— Blues.— XIII., Griodlna Green*.— XIV., Grinding Redl. 
—XV., GrincRng Lake>.~XVI.. Orinding Coloun in Water.— XVII.. GHnding Cakwn la 
Turjientine. 

P»rt IIT., Chapten XVIIl.. The U«e» of Paint.— XIX, Teating and Matching PalMi- 
XX.. Beanamk Caniiderationii.— Indei, 

Press Opinions. 

"Will HII a place hithena unoccuiiied: . . .bean all the marlisoF tharoughneu both on Itir 
■dentillcand technical aide. Thai ii will takeitn place as theatandanl boa\> ol itsHibiectmijr 
■afelybe predicted,"— .^6c^rf«n Fin Pitsj. 

■^This is a workmanlike manual of the methods and proceases of an indu&lr^ known to the 
world at large only by ita remote reaulta, . . . This clearly written and wellMnFormed hdod- 
book givea a plain exposition of t' ^ ---" ^ *-- ^ ---'--■ ■■ -' — '- ■ 

" - Mr. Smith's book is practical 
the industry and IhoK who make 

cisflly aettina forth in a most pnctjcal manner many intricate detail* in the prvparation and 
production w paint during the operation of grinding- , , . The work should occupy a position 

sWa'^n^r' ° '^"^ ' "'' "' '" ' '" '"'"' 

THE CHEMISTRY OF PIGMENTS. By Ernest J. Parry, 

B.Sc. (L'md.l, F.l.C, F.C.S,, and J. H. Coste. F.l.C, F.C.S. Demy 
Svo, Five lliuatratinns. ^S pp. 1902. Price 10b. 6d. ; India and 
Colonies, lis.; Other CounCriea, 12s,; strictly net. 
Contents. 

Chapter I.. Introductory. Light— White LiRht- The Spectrum— The Jnviaible Spectrmn 
-Nurmsl Spectrum-Simple Nature of Pure Spectral Coluur-The Recompontion iS WhH- 
..._ ._ _. J . ._.. ,_Absorption - - 



ler II., The Application at Plrmenla. Uses of Pitdneiits ; Artistic, OecoratTvE. Pnrteclivc 
—Methods of Application of ^gments : Paslc^ls and Crayons, Water Colour, Tempera 
Painting, Kreica. I^ncauslic PaintrnB. Oil-colour Painting. Keramic Art, Enamel Stained and 
Painted Glass, Mosaic— Chapter 111., Inornnlc Plnnenti. While Lead- Zinc White- 
Enamel White— Whiten iiTg-Red Lead-Lilhaifie— Vermilion -Royal Scarlet— The Chromium 



Irowo— Cobalt Coloura—Caruleum^SnuilI— ^ippw 

Copper Blues- Ultra. 
_ye1lDW— Arsenic Sulphide 



Pigmeoli— Malachite— Bremen Green— Sch. „.- - 

■ n Pinmenta— Ivory 



—Index 



hamnus — Brazil Wood— Alkanet— Santal Wood— Archil— Coal-ta 
:aH[iCompaunds— Oraneeand Vellow LakeK-Orven and Blue Lake 



LEAD AND ITS COMPOUNDS. By Twos. Lambert, 
Technical and Consulting Chemist. Demy 8vo, 20O pp. Forty lUus- 
trationa. 1902, Price7a.6d.; India and Colonies, 8s. ; OtherCountries, 
8s. 6d. net. Plans and Diaorama. 

Contents. 

— in,.'?:hemi™l LndTiiysical Properties of Lead— Alln 

Ore.heartWSmelling in the Shaft or Blast Purnaee.- 

VII., Desilverisation. or the Separation of Silver from ArgenI 

—VIII,, The Manufacture of Lead Pipes and Sheets.—'" " 

Maasicot-Red Lead or Minium— X,, Lead Paisoning. 

and Its Compounds. — XIIL, Pumice Stone.— XIV.. Drying O 

Turpentine ftesin,- XVI., Class ifl cat ion of Mir -' "" 

Finished Products.- Tables.- Indei 



NOTES ON LEAD ORES : Their Distribution and Properties. 
By JflS, Faihie. F.G.S, Cniwn 8vo. 1901. S4 pages. Price 2s. Bd, ; 
Abroad. 3s. ; strictly net. 

Contents. 

Ceruse (White Lead)— Miaiun— Red Lead.— 111., PyinwrplUle— .Mimetenc— HcdiDhnni— 

>te— Leadhillite — Sinannile— dauMhaJile — Cadinnile.- V.. Mendipile — MnlliKkiM — Croat- 
Til kcrodiIe^Ka[^n04m!» — Deckenite — DescJucfite — DuFrenaysite — Bleinierite — MolFruite 
— Geoci-onile — Kilbrechcnlte — SchuUilc — BouEMngcrite — Heteromorphlte — MeneghiniF* — 
Jameooniie — PLigioniu — Zint>edjle.~-Vll.. Kobclltte — BoumoaiK— Selenkupfa«ki— Nuc 

THE RISKS AND DANGERS OF VARIOUS OCCUPA- 
TIONS AND THEIR PREVENTION. By Leonard 

A. Pahhy, M.D., B.S. [LonJ.l. 196 pp. Demy 8vo. 1900. Price 73. 6d. [ 
India and Colonies, 8s. ; Other Counlries, Ss. 6d. ; strictly net. 

Contents. 

Abnarinal Quutides of Ouat.— H.. Tradei in which there rs Da^er of Metallic Poiuning.-- 
111.. Certain Chemical TradEi.— IV., Some Miscellaneaiu OccupaliiniB.— V.. Tradei in wliicll 
Vxrinus PuiiMnaus Vapoun art [nhaled.— VI., General Hygienic Conuderationa,— l>idei. 

PRACTICAL X RAY WORK. By Frank T. Addvhan, 

B.Sc. (Lond,), F.l.C, Member of the Roentgen Society of London; 
Radiographer (o St. George's Hospital ; Demonstrator of Physics and 
Chemistry, and Teacher of Radiography in St. George's Hospital 
Medical School. Demy 8vo. Twelve Plates from Photographs of X Ray 
Work. Fifty-two Illustrations. 200 pp. 1901. Price lOs. 6d. ; India 
and Colonies, lis.; Other Countries. IZs. ; strictly net. 
Contents. 

the XRayB.— 111., TheDlacove"-. ■' " " '""' " ""^ " '" ""^ 

Part 11., Apparntiu and Ita ManaEoaient— Chaptera 1., Electrical Terma.— II., Sourcai 



Froiaispiece—Coagm<t»\ Dislocation of Hip-Joint.— 1,. Needle In Finder.— 11.. Neadle in 
Picture dC PaKl^i^ahovl-ing shadow of " StrappinV-.- VI., Svcoma.~VI i!!"'six-WEeli*'-old 
bSi'!7s^--lxr'Heai1^SS^O".— xrFraeturid''Feiiiur'sho»Hng™ra^o° Sp'lin't.— X[„ 'sa^ 

Indla-Rubber and Gutta Percha. 

INDIARUBBER AND GUTTA PERCHA. Translated 
from the French of T. Sulhi.wajjn, G. La.mv, Tohvilhon and H. 
Fai.connet. Royal 8vo. Eighty-siK Illustrations. Three Plates, 
About 400 pages. 1902. [la Ike preis. 

Contents. 

Accrimsli'on dT the^Dirrerenl Species orTndi>-i<ubbe'r"'p'lantB.— 111.. Methoda or"obuiin'!ng 
the LalEK- Methods of Preparing Raw or Crude India-Ruhber.- IV., Classification of the 
Commercial Specie* ol Raw Rubber.— V.. Phyiical and Chemical Properliea of the Latet 
and of India- Rubber.—Vl. and VII.. Mechanical Tnuisfnrmation of >JaTural Caoutchoin] 
into Washed or Normal Caoutchouc (Purification) and Normal Rubber into Masticated 
Rubber- Softening, Cutting, Washing. DrrinB— Preliminary Observations,— VI 11 „ Vul- 
cani«)tian oF Normal RuSber.— IX., Chemiiar and Physical Pnperlies of Vulcaniaed 
Rubber— General ConBiderations.—X.. Hardened Rubber or Hbonilc— XL, Considerations 
i other Mixtures— Coloration and Dyeing— Analysii of Natural or 
'---'--' " '-'ler.— XII., Rubber Subititutea— Imitation Rubber. 

ipters I., Botanical Origin.— II., Climatoltwy- Soil 
I of Collectian.^LV.. Claaaillcatlon of the fiillerent 

H^I^ieal T™n?fo1^aiion!'-VlI., "lel'h..ds"of Xnalj.io^-VIl'T' <iu(to™Pere'ha' Sub^ 





u 

DRYING BY MEANS OF AIR AND STEABI. Explana- 

, Formula.-, and Tables fur Use in Practice. Translated from the 
German of E. Ha-jsbhand. Two folding Diafi'ramB and Thirteen Tables. 
Crown 8vo. 1901. 72 pp. Price 5s.; India and Colonies. Sa. 6d.; 
Other Countries, 6s. ; strictly net. 

Contents. 

?ergirr<rF"saii 

J. or Air Ht Different Pre»»UPe and Tempen- 
Weiahl and Vulutne of Air, >nd of Ihe Lout 

tpleiily Saittnard'KiQi Vapour both bdan tjarj 
itui.— £, When Ihe Atmospheric Air ii Comiiletely Sitimtol 
lly S. 1 O' I SaturaWd.— C. When the Atmoapheric Air is ~J 
Entering the Drying AppamtUB.— IV., Drying Appamtiw, in 

» ;. «^JHciinyCrMl«l, Higher or Lo»er th.n th.l 

uperheiled Steam. »?Ih(iut Aii-.-VI., Heitu^ 
1> of the Drying Boom, Surface at Ihe Diyinn 

EVAPORATING, CONDENSING AND COOLING AF- 
PARATUS. Esplanations, Formulie and Tables for Use 
in Practice. By B. Hausbrand, Engineer. Translated from tbe 
Second Revised German Edition by A. C. Wright, M.A, (Oxon.), 
B.Sc. (Lund.), formerly Assistant Lecturer and Demonstrator in 
Chemistry at the Yorkshire College, Leeds. With Twenty-one IHus- 
trationa and Seventy-six Tables. Demy*8vo. 1902. Price 10s. 6d. i 
India and Colonies, lis. ; Other Countr.es, I2s. net. 
ContentSi 
Prefaces.— List of Tables.— Metric and Brilith Syilems ai _ ... 

Bymboli and Contraoiions.—lntrtiduclion.— Chapters L, RtCoefKcie .. 

Heat, W, and the Mean Temperature DifhienBe. «/id.— 11,, Parallel and Opposite CurreaU.— 

IIL, Apparatus for Heating with Direct Fipe.— fV.. Th. Imection of Saturated Steam.— V- 

af"Seal in General,' and Tninahrence hy means V Saturated Steun in' Partleular.— VIIl,, 
The Tmnaference oC Heat From SaturBted Sleam In Pipes (Coils) and DouhJe Baltams.— 
IX., Evaporation in a Vscuam.— X.. The Multiple-efFecl BvapDralor.— XL, Multiplrelfecl 
D . u.-.L =.._, o :. --'.jB.— 5:n„ The Weight of '"- '---'- — 



Evaporated fn 


an 100 H 


;il™. of Liq 


|uor in ordw 


, The Relative Pmporlinn i 


Dry Materiili 










iF the Healbg 




: Bl^enl 


i^of the'tl 


ultiple Evap^ 


iralor and Ihe 


ir Actual Dim. 


Ensiont-XlV: 




E.erted by Currents 


of'^Steam ^ 


id Gas upon 


Floating Dro] 


'Sl^m^^il 


XV.. The Holio 


.n of Flo. 




of Water up< 


m .hich Pro 






s-,.5;'SJ"i, 




rating Liqui 






r.-^vill 


1., The Dial 




ter Pipes.— X 


IX., The Loss 


of Heat from 


Appamtiis and 


Pipea to 


the Surroi 


mdinfl Air. ai 


^ Means for 


XIU Tbe'°&»l 


« LOB.-XX, 






SH: 


Sr?J 


>f Sleam.-X. 


ling of Liquids. 
■XXIV., A Few 


— XXIIL, The ' 




idensers by tl 


'Tbe'\^™me'tri 


Remarks on Ai 










ic BfliiHeiicv of 


Air-pumps.-XXVl., the 


Volumes of 


'Airwhlch™ 


usl be E.hflUf 


,ted from a Vessel in order tn 
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